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Abstract
This thesis presents an investigation into potential improvements in the ballistic performance
of high performance composite materials by hybridizing them with other polymer materials. The
main focus is on extraction of quantitative information from ballistic trials with armour grade
composite materials. The primary goal of the research in this thesis is to understand the be-
haviour of high performance composites and polymer materials during ballistic impact events.
To design a novel hybrid composite material system, an in-depth knowledge of the hybrid
material constituents must be gained. The research performed to meet this objective is presented
in this thesis and is divided into four main parts, preceded by a literature review of these topics
(Chapter 2). It is believed that the ballistic performance of armour grade composite materials
is dependent to a certain extent on the tensile properties of the reinforcement phase (i.e. fibres).
Therefore, the first part of the thesis (Chapter 3) presents an evaluation of the static tensile
yarn performance of 16 different high tenacity fibres. The goal of part two of the research was
to evaluate dynamic properties of the same fibres in dynamic conditions by means of a tensile
split Hopkinson bar. Chapter 4 presents conclusions from the experiments employing standard
Hopkinson pressure bar for fibre testing. The third part of the thesis (Chapter 5) focuses on the
evaluation of the ballistic performance of various materials which could be utilized in a hybrid
armour system.
A highly instrumented ballistic setup was established to measure armour deformation char-
acteristics during the impact event. The measured ballistic data allowed the derivation of the
ballistic limit of each material system and for a relative comparison of the ballistic perfor-
mance between the different material systems and their applicability as an armour. The damage
within the ballistic panels were further investigated using Computed Tomography and Com-
puted Laminography scans.
The final part of this thesis (Chapter 6) presents studies dedicated to the design of novel
material systems of improved ballistic performance. A wide range of hybrids were investigated
and conclusions drawn on the optimum route to improve the ballistic limit of a polymer amour
system.
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Notation
at anvil thickness
A0 or A cross-section area
AS initial cross-section area of the specimen
α ratio of the transmitted stress to the incident stress at the interface between the
bar and specimen
αk stress uniformity parameter for a k number of waves
β ratio between the acoustic (or mechanical) impedances of the specimen and input
bar; or ratio of reflected to incident stress at the interface between the bar and specimen
c ballistic related constant or sound velocity
C material related constant
C0 sonic velocity in the bar (longitudinal)
D hole diameter
∆σ stress difference at both ends of the specimen
E Young’s modulus
E0 Young’s modulus of the bar
Eabs absorbed energy
EkI Initial kinetic energy
EkR Residual kinetic energy
 strain
˙ strain rate
i incident strain signal
min minimum compressive strain
r reflected strain signal
t transmitted strain signal
F force
Fi force in the input bar
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Fo force in the output bar
k number of wave reflections in the specimen
LS or l length of the specimen
m mass
n number of iterations/steps
Ω product of fibre specific toughness and strain wave velocity
p pressure
Rrel variable indicating the stress equilibrium state in the specimen
ρ mass density
σ stress
σinp stress in the input bar
σm mean value of stress in the specimen
σprv stress of the previous loading step
σTresca stresses assuming Tresca yield criterion
t time
ttotal overall pulse length
θ acoustic impedance ratio between the specimen material and the bar material
up particle velocity
Us shock velocity
v velocity
V50 the velocity at which, using the named projectile and target material, the
estimated probability of perforation is 0.5
VBL ballistic limit velocity
VI striking velocity of the projectile
VR residual velocity of the projectile
W weight of a FSP in grams
Wshear work due to shear
Zstr2inp mechanical impedance between the striker bar and the input bar
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UD Unidirectional
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UTS Ultimate Tensile Strength
X-ply Cross ply
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Chapter 1
Introduction
1.1 The research introduction
In recent years high performance polymeric composite materials have become widely used
in defence applications. Owing to their low weight and the ability to tailor their mechanical
behaviour to a given application, they have replaced many metallic components. Polymeric
composites are also used as backing layer inserted inside vehicles to prevent spalling of metallic
elements caused by an impact or blast load. There are a number of high performance composite
materials available on the market that provide increased level of protection against high veloc-
ity impacts and blast loads. Materials such as DyneemaR©, KevlarR©, SpectraR©, or TwaronR©,
among many others, have found numerous applications in the defence industry. Each of these
high performance composite materials is characterized by a different response to dynamic loads,
which may provide a specific advantage over other materials, in certain threat scenarios, such
as blast loads. In other scenarios, however, the very same characteristic behaviour becomes a
disadvantage when compared with competing materials.
It has been identified that there is an urgent need for a complete and comparative evaluation
study of ballistic and blast performance of these high performance materials. The knowledge
gained from such study would increase the understanding of various physical phenomena oc-
curring in the materials during dynamic events, which, in turn, should allow for designing new
materials of improved ballistic and blast performance. Figure 1.1 presents the author’s under-
standing of an ideal armour grade composite material design cycle. The diagram shows that the
design process starts with an overall evaluation of broadly understood performance of materials
available on the market. Static, quasi-dynamic, and dynamic tests on yarns and coupons are
done at this stage. The ballistic and blast performance of the materials against a given threat
is also investigated. The next stage involves analysis of high fidelity data collected during the
experiments (e.g. Digital Image Correlation, high speed videos) and after the experiments (e.g.
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Fractography, Computed Tomography). At this stage a potential correlation between the yarn
and coupon test data, and the dynamic performance of the material during impact or blast
events may become apparent. The collected experimental data should provide enough informa-
tion to understand to a large extent the physics behind the processes occurring in the materials
during the events. The gained knowledge should be sufficient to subsequently design advanced,
multi-scale numerical models of the materials and the experiments, which would be validated
against the experimental data. Finally, once the latter is achieved, these numerical models would
help in the design of new hybrid composites with improved blast/ballistic performance against
a required threat.
Figure 1.1: Schematic diagram of a new, hybrid material design process.
In reality, however, the outlined material design steps are not practised. Typically, new
materials are developed by commercial companies who conduct ballistic trials with only basic
instrumentation (e.g. one high speed camera for measurement of the residual velocity) and
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compare their ballistic limit with results from the past. Moreover, quite often, the data from
the static, dynamic, and impact/blast tests come from completely different sources, which makes
it difficult to correlate the data. As a result very little high fidelity experimental data exists in
the open literature for validation of numerical material models, which hampers the development
of these high fidelity numerical codes.
1.2 Objectives and tasks
The particular objectives of the research, which represent a part of the experimental work
specified in the design cycle in Figure 1.1, were:
1. To identify the influence of strain rate and gauge length on the performance of high tenacity
yarns tested in tension.
2. To evaluate ballistic performance of advanced, armour grade composite materials using
high precision instrumentation.
3. To identify to what extent the properties of the yarns account for the improved ballistic
behaviour of some of the tested composite materials.
4. Based on knowledge gained from points 2 and 3, to attempt to design hybrid composite
materials of improved ballistic behaviour, compared to the commercial products described
in point 2. Ideally, a successful hybrid material should be cheaper than the commercial
products.
1.3 Originality
The research presented in the thesis focused on solving particular material-testing problems,
and on material design issues, which have just recently arisen in the scientific community. The
following issues have been addressed:
1. Although a tensile test yarn data exist in the open literature, the data is dispersed through-
out many publications in which different testing conditions were used. This makes it dif-
ficult to compare performance of different yarns. All yarns investigated by the author,
results of which are presented in Chapter 3, were tested in the same experimental setup
which allowed for a relative comparison of their performance.
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2. There are only few publications in the public literature devoted to tensile Hopkinson bar
testing of yarns. Due to the fact that the papers do not provide all necessary information for
validation of the results, the results are questionable. A number of tensile Hopkinson bar
yarn test was conducted by the author to identify whether the fundamental assumptions
of the Hopkinson bar theory are met when testing yarns (Chapter 4). This allowed to
indirectly identify the quality of the other publications.
3. During the ballistic trials two 3D High Speed Digital Image Correlation sets were synchro-
nised with another two high speed cameras (i.e. six high speed cameras in total) and used
for extraction of information regarding the sample deformation during the impact event.
This bespoke setup was developed especially for these experiments and to the author’s
best knowledge it was the first time such highly instrumented setup, involving six fully
synchronized high speed cameras, was used during ballistic trials.
4. A part of the research work was devoted to the identification of whether X-ray scanning
techniques may provide insight into the internal damage characteristics of the ballistically
tested panels. The applicability of the following two methods was investigated: Computed
Tomography and Computed Laminography.
5. The knowledge gained from the analysis of the impact experiments allowed designing novel,
hybrid materials of improved ballistic performance and lower costs.
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Chapter 2
Literature review
2.1 Introduction
Mechanical structures are exposed to different types of loadings depending on their applica-
tion. The applied loads may vary from completely static loads to highly dynamic ones where
the material deformation occurs within microseconds. The strain rate dependence of various
materials has been the subject of many studies within the last few decades. Some materials,
classified as strain rate independent, exhibit the very same mechanical response during static
and dynamic loads. Others, however, react to the dynamic loads differently than when subjected
to static loads - these materials are strain rate dependent. This change in the mechanical re-
sponse is particularly important for structures exposed to dynamic loadings e.g. vehicles, sports
equipment, or military applications. The following sections provide an overview of the research
on the characterization of tensile properties of high performance yarns used in composite mate-
rials, both in static and dynamic loading regimes. Further sections cover publications devoted
to the ballistic performance of polymeric composite materials and the analytical methods used
for prediction of the ballistic limit of these materials.
2.2 Tensile testing of high performance yarns
2.2.1 Low strain rates
It has been already mentioned in the first chapter that one of the frequent problems associated
with using tensile test yarn data from different sources is that the researchers frequently use
different experimental setups to extract the information. In extreme cases, this may create an
artificial impression that one fibre is better than the other in some way, while in reality this
superiority is a direct consequence of, for instance, clamping conditions. The literature review
presented below is focused on the experimental setups used for tensile yarn and monofilament
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tests. The detailed values of Ultimate Tesile Strength, Modulus, or Strain-to-Failure are not
discussed, as all the results are summarized in Table 2.1. The abbreviation mon. was used in
the table to distinguish whether a monofilament was tested or a multifilament yarn, while the
“-” symbol informs that the author did not disclose that information. The “*” indicates the
gauge length for which the values were listed.
Zhou et al. [1] conducted tensile and fatigue tests on T700 Toray carbon fibre bundle (12k
filaments) using a MTS servohydraulic test machine. The yarns were bonded to supplement
plates using an epoxy adhesive, however no information was provided regarding the material
used for the plates. The yarns had 200 mm total length and 100 mm gauge length. Up to the
onset of the failure the stress-strain curve was linear, while the failure had a gradual nature due
to the tensile strength distribution of the fibres. Static and dynamic tensile tests on T700 yarn
were also done by Zhou et al. [2], unfortunately the publication provides very little information
regarding the experimental setup. Naito et al. [3] compared tensile properties of various carbon
single filaments. Cardboard windows were used as the holder. A linear stress-strain relation-
ship was observed for the high strength (T1000GB) and high modulus (K13D) fibres, whereas
a high ductility carbon fibre (XN-05), which yielded up to 3.5% strain to failure, had a slightly
non-linear curve. Kromm et al. [4] tested Dyneema SK75 monofilaments and yarns. The sin-
gle filament tests were done using the cardboard windows, while no information was provided
regrading the mounting of multifilament yarns (possibly they were also tested using the card-
board windows). A non-linear stress strain curve for a single filament was recorded, whereas the
multifilament yarn had a linear stress-strain curve. The authors also investigated the influence
of testing temperature in the 20 to 140oC range. The temperature influence investigation on
Dyneema SK60 monofilaments was conducted also by Dessain et al [5]. Tensile and creep tests
were conducted in the -175o to 100oC temperature range, using a Universal Fibre Tester and
cardboard holders. The samples had 30 mm gauge length in the subzero tests, and 150 mm
gauge length in the tests at elevated temperatures. Russell et al. [6] tested in tension Dyneema
SK76 yarns in strain rate range of 10−4s−1 − 103s−1. A bespoke loading machine was designed
to apply tension to the yarns in both static and dynamic regimes. An increase in modulus,
UTS and decrease in strain-to-failure was observed at the 10−4 − 10−1s−1 strain rates, but the
authors accounted creep for such behaviour. No increase in modulus or UTS was observed in the
dynamic regime. Koh et al. [7] investigated static and dynamic tensile performance of spectra
900 yarns. Capstan grips were used for the static tests, whereas the dynamic tests were done
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using a tensile Hopkinson bar with bespoke grips. The yarn was characterized by strong strain
rate effects and had a linear stress-strain curve at low strain rates. Wang & Smith [8] compared
tensile properties of UHMWPE fibres manufactured in-situ from two different polymers (GUR
412 and Hinmont 1900). The monofilaments of 25 mm gauge length were tested using Instron
Tensile Tester, but no details were provided regarding the clamping. It was found that the fibres
made of Hinmont 1900 had higher UTS and modulus, but lower strain-to-failure. These higher
values were a result of the higher molecular weight of Hinmont 1900 and the higher amount
of short molecules in the GUR 412. The study showed that the filaments of smaller diameter
achieved higher UTS values. The strength and modulus increased also, while the strain-to-
failure decreased, as the draw ratio increased. Hine et al. [25] compared Tensylon tape with
composites reinforced with Certan, Dyneema, and Spectra fibres, however a significant part of
the paper was devoted to the influence of processing conditions on the mechanical properties and
morphology of Tensylon. Some mechanical properties of the materials were provided in a paper
due to Jordan et al. [19]. Dumbbell samples of 25 mm gauge length and 4 mm width were tested
using a RDP Howden servomechanical tensile testing machine, while the strain was measured
using a Messphysik video extensometer. Cunniff [10] in his paper on the dimensionless analysis
(discussed later in this chapter) provided the UTS, Modulus, and Strain-to-Failure values for
various fibres (see Table 2.1) but no details were provided regarding the testing conditions. Ming
et al. [11] tested Kevlar KM2 850 denier fibre using MTS 810 servohydraulic machine according
to ASTM D3379-75 standard (cardboard window used as a holder). The fibre was tested from
0.001-2500 s−1 strain rates. The stress-strain curves were linear. Pegoretti et al. [21] tested
Vectran M and Vectran HS single filaments according to ASTM D3379 standard (using card-
board windows). Three gauge lengths were investigated: 25, 50, and 100 mm. It was found that
Vectan M stress-strain curve was almost linear, whereas the slope of Vectran HS stress-strain
curve increased after about 1.5% of strain. A cold-drawing process of the polymer molecules
was accounted for this behaviour. Lammers et al. [18] provided a detailed description of the M5
fibre production process, along with stress-strain curves for two variances of the fibre: as-spun
(AS) and heat treated (HT). The fibres were tested using Instron 1121 tensile tester, but no
details on fibre clamping system were disclosed. It was observed that the initial modulus of the
HT fibre was twice as high as the modulus of AS fibre. The stress-strain curve for the HT fibre
was perfectly straight, while the slope of the AS fibre curve decreased after about 0.005% strain
from 150 GPa to 80 GPa. Cunniff et al. [17] tested single M5 fibres in tension, however no
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Table 2.1: Summary of the experimental results from static tensile tests on yarns and monofil-
aments.
Ref. Yarn tested
Strain rate
range
Gauge length Modulus Strength StF
s−1 mm GPa GPa %
[2] T700 10−3 - 228±9 3.37±0.09 1.55±0.03
[3] T1000GB 10−4 25 291 5.69 2.06
[3] K13D 10−4 25 940 3.21 0.36
[3] M60JB 10−4 25 521 3.38 0.7
[1] T700 10−4 100 210 1.93 1.07
[5] Dyneema SK60 10−3 30,150* 67.6 2.25 4.89
[4] Dyneema SK75 (mon.) 10−2 40-200 71 2.4 3.95
[4] Dyneema SK75 (mon.) 1 40-200 62 2.4 3.76
[4] Dyneema SK75 - 50-200 104 2.4 3
[9] Dyneema SK75 176 dtex - - 110 3.4 -
[6] Dyneema SK76 10−3 - - 2.1 2.3
[10] E-Glass - - 74 3.5 4.7
[10] Kevlar KM2 600 denier - - 82.6 3.4 3.55
[10] Kevlar KM2 850 denier - - 73.7 3.34 3.8
[11] Kavlar KM2 850 denier 10−3 − 10−1 10 84.62±4.18 3.88±0.4 4.52±0.37
[12] Kavlar KM2 - 24-170 - 3.87 -
[12] Kavlar LT - 24-170 - 2.75 -
[10] Kevlar 29 200 denier - - 91.4 2.97 2.95
[10] Kevlar 29 1000 denier - - 78.8 2.87 3.25
[10] Kevlar 29 1500 denier - - 74.4 2.9 3.38
[13] Kevlar 29 (mon.) - <0.28 96 - -
[14] Kevlar 29 (mon.) 10−3 84.5 2.7 3.2
[10] Kevlar 49 1140 denier - - 120 3.04 1.20
[13] Kevlar 49 (mon.) - <0.34 115 - -
[15] Kevlar 49 60*, 100 25,50 120 1.6 2.45
[12] Kavlar 129 - 24-170 102 2.85 2.8
[10] Kevlar 129 840 denier - - 99.1 3.24 3.25
[16] M5 (mon.) 10−3 20, 50, 100 265±18 3.7±0.3 1.5
[17] M5 (mon.) - 100 271 3.96 1.4
[18] M5 AS 10−3 100 150 2.5 2.65
[18] M5 HT 10−3 100 300 4.6 1.5
[10] Nylon - - 9.57 0.91 -
[10] Spectra 1000 - - 120 2.57 3.5
[7] Spectra 900 10−3 250 - 1.5 4.7
[19] Tensylon 10−3 25 69±7 - -
[12] Twaron - 24-170 - 3.66 -
[20] Twaron CT716 10−4 − 10−3 250 75 2.1 2.9
[21] Vectran M - 25,50,100* 77.6±12.6 1.09±0.24 1.64±0.25
[21] Vectran HS - 25,50,100* 83.7±8.1 2.07±0.20 2.14±0.08
[13] PBO (mon.) - <0.87 295 - -
[10] PBO - - 169 5.2 3.1
[16] PBT (mon.) 10−3 20, 50, 100 205±21 2.3±0.4 2
[12] Zylon - 24-170 - 4.12 -
[22] Zylon AS (mon.) - 20, 50, 100 173±16.3 6.3±0.88 3.75
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Table 2.2: Summary of the experimental results from static tensile tests on yarns and monofil-
aments - continued.
Ref. Yarn tested
Strain rate
range
Gauge length Modulus Strength StF
s−1 mm GPa GPa %
[22] Zylon AS - 20, 50, 100 187 5.55 -
[22] Zylon AS - 20, 50, 100 258 5.59 -
[22] Zylon AS - 20, 50, 100 352 4.72 -
[23] Zylon AS - - 180 5.8 3.5
[16] Zylon AS (mon.) 10−3 20, 50, 100 180±10 4.8±0.6 3
[24] Zylon HM (mon.) - - 290 5.03±0.75 1.5-2.5
[22] Zylon HM (mon.) - 20, 50, 100 260±24.4 5.9±0.79 2.6
[23] Zylon HM - - 270 5.8 2.5
[22] Zylon HM+ (mon.) - 20, 50, 100 320±29.7 5.1±0.76 1.7
[8] UHMWPE (mon.) 10−3 25 246 7.15 0.034
details regarding the testing arrangement was disclosed. The authors also conducted ballistic
trials on thin M5 composite subjected to impact of Fragment Simulating Projectiles. Figure
2.1 compares the ballistic performance of the composite with other similar high performance
materials.
Figure 2.1: The comparison of the ballistic performance of materials made of M5 fibre with
Kevlar and PBO products [17].
In the figure, the Ad denotes areal density of the panel, Ap is the presented area of the projec-
tile, and mp denotes mass of the projectile. Although the static mechanical properties of M5
monofilament were inferior to the Zylon ones, the fibre showed better ballistic behaviour than
Zylon. Chae & Kumar [23] provided an extensive review on PBO fibres (Zylon) in which the
mechanical properties of the fibre were compared with other high performance fibres. The paper
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also addressed the influence of temperature on the fibre strength and modulus, and provided a
paragraph on the ballistic performance of Zylon fabric. Fawaz et al. [13] tested single filaments
of PBO fibre, Kevlar 29, and Kevlar 49, in tension and compression using a Tecam Micro-
tensile Testing Machine. The influence of filaments gauge length was taken into consideration.
Bencomo-Cisneros et al. [14] tested Kevlar 29 single monofilaments using a Universal Fiber
Tester. The filament was mounted in the machine using card supports. It was observed that the
filament was characterized by an almost straight stress-strain curve. Zhu et al. [15] investigated
gauge length influence and strain rate effects in Kevlar 49 fibres. The specimens were obtained
by cutting off a part of Kevlar fabric in a way only eight fibres were left in the gauge length area,
whereas the remaining part of the fabric was used as an end tab area. Two gauge lengths (25, 50
mm) and two strain rates (60, 100 s−1) were investigated. An MTS servohydraulic machine was
used for the tests. Dooraki et al. [12] tested statically and dynamically in tension Kevlar 129,
Kevlar KM2, Kevlar LT, Twaron, and Zylon single filaments and yarns. Five different gauge
lengths were investigated in the single filament tests, while three were used for the yarn tests.
The materials were tested using a SDL Atlas machine with specialized pneumatic grips and MTS
hydraulic machine with a bespoke gripping system for yarns. The dynamic tests were performed
using a miniaturised Hopkinson bar. It was observed that the UTS decreased with increasing
gauge length. Tan et al. [20] tested Twaron CT716 yarn in tension using capstan grips ac-
cording to ASTM Standard D885-03, and dynamically using a tension Hopkinson bar. A linear
stress-strain curve was observed in the static tests. The UTS and StF increased with increase of
strain rate. Davies at al. [24] tested Zylon HM monofilaments in static and cycling loading using
cardboard supports as well. The Zylon HM filament shown superior static and cyclic properties
compared with Dyneema SK76, Kevlar 29, and high tenacity PET filament. Kitagawa et al. [22]
tested Zylon HM+, HM, and AS monofilaments and yarns. The monofilamens were tested using
cardboard windows, but the authors did not disclose how the multifilament yarns were tested
(i.e. what clamps were used). The authors noted that Zylon AS fibres were characterized by a
strain hardening. The slope of the Zylon HM stress-strain curve slightly decreased after about
1% elongation, whereas Zylon HM+ maintained the same slope up to 1.2% strain, after which
the slope decreased. It was observed that both ultimate Tensile Strength (UTS) and Modulus
decreased with increase of gauge length. Montes-Moran et al. [16] tested in tension PIPD (M5),
PBT, and PBO (Zylon AS) monofilaments using cardboard windows. Three gauge lengths were
investigated: 20, 50, and 100 mm. The authors observed that the M5 filament had the highest
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modulus, while the other two fibres had the same modulus up to about 0.75% strain, after which
a significant drop in the PBT modulus value was noted. A mild drop in the PBO modulus value
was also observed. Similarly to Kitagawa et al. [22], the authors observed a decrease of UTS and
modulus values as the gauge length increased. The edge effects were accounted for the increase
of modulus at shorter gauge lengths, whereas a critical flaw concept was accounted for the drop
of the UTS on the gauge length increase.
2.2.2 High strain rates
The split Hopkinson pressure bar (SHPB)
The conventional split Hopkinson pressure bar (SHPB), known also as Kolsky bar, was
developed by Kolsky [26]. It has been used for characterization of various engineering materials
at higher strain rates in compression. The method allows a dynamic stress-strain relationship to
be obtained at strain rates ranging from 102 up to 104 s−1. Initially, SHPB was used for deter-
mination of dynamic behaviour of metals, however development in chemical industry resulted
in further interest in the dynamic properties of soft materials such as: elastomers, foams, gels,
biological tissues, and polymeric fibres.
A tension split Hopkinson pressure bar consists of a striker bar, an incident bar, an anvil
attached to the incident bar, and a transmission bar. The incident and transmission bars are
commonly called the input bar, and the output bar, respectively. The specimen is inserted
between the input and the output bar. A diagram of a tensile split Hopkinson pressure bar is
presented in Figure 2.2.
When the striker bar impinges the anvil at the end of the incident bar, an elastic wave (called
Figure 2.2: Schematic diagram of a tension SHPB.
also the incident wave) is generated. As the wave reaches the specimen, it is partially trans-
mitted through the specimen to the output bar as a transmitted wave; and partially reflected
(the reflected wave) back to the input bar. The reflection occurs due to acoustic impedance
mismatch between the bars and the specimen. In order to obtain reliable data from the Hop-
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kinson bar experiment, a number of assumptions have to be met. Firstly, it is assumed that
the bars remain elastic throughout the loading period. Secondly, the wave propagation in the
bar is one dimensional, which is known not to be true in reality due to Poisson’s effect in the
bar. However, this two dimensional effect can be minimized by using slender bars (bars of high
aspect ratio Lbar/Dbar > 20 : 1 [27]), which if sufficiently long with respect to the incident wave,
prevents from overlapping of the incident wave and the reflected wave. Thirdly, the specimen
should be in the state of uniform stress, which is expressed as:
i(t) + r(t) = t(t) (2.1)
Where i(t), r(t), t(t) are the incident, reflected, and transmitted strain signal histories, respec-
tively. The former two are measured by the strain gauge on the input bar, whereas the latter
is measured by the strain gauge on the output bar. The strain gauges should be placed away
from the free edges (where the specimen is inserted) a distance of at least five diameters of the
bars in order to minimize influence of free edge effects. If the criterion of uniform stress state is
met, strain, strain rate and stress in the specimen can be calculated as follows:
 = −2C0
LS
t∫
0
r(t)dt (2.2)
˙ = −2C0
LS
r(t) (2.3)
σ =
A0
AS
E0t(t) (2.4)
Where A0, E0, and C0 are the cross-section area, Young’s modulus, and the sonic velocity in
the bar material, respectively; AS and LS are the initial cross-section area and length of the
specimen, respectively. Equation 2.2 gives engineering strain, due to the calibration method
used for the bars, described in reference [27].
Obtaining a uniform stress state in the specimen is a common problem. Briscoe & Nosker [28]
derived a relationship between the stress in specimen and the number of wave reverberations
within it. The authors performed a compression SHPB test on ultra-high molecular weight
polyethylene (UHPWPE). They derived equations for transmitted and reflected stresses which
take into account differences in acoustic impedances of the bars and the specimen, as well as in
cross-sectional area. Ravichandran and Subhash [29] tested ceramics in compression SHPB. They
proposed a parameter Rrel(t) which determines whether the specimen is in stress equilibrium.
It is given by:
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Rrel(t) = |4σ(t)
σm(t)
| (2.5)
Where 4σ(t) is the stress difference at both ends of the specimen, and σm(t) is the mean value
of the stress in the specimen. The authors assumed that the specimen was in stress equilibrium
state if Rrel(t) < 0.05. Yang and Shim [30] derived further equations which relates Rrel(t) to
the ratio between the acoustic impedances of the specimen and input bar, denoted as β. For
the one-dimensional wave with finite rise time the relationship was given by:
Rrel(t) =
2β(1− (−1−β1+β )k)
2kβ − 1 + (1−β1+β )k
, fork > 2 (2.6)
Where k is the number of wave reflections in the specimen. The equations were derived for
equal cross-section areas of the specimen and the bar, but the analysis can be extended to cases
where the specimen cross-section area is different to the one of the bar, by simply employing
mechanical impedance in place of the acoustic impedance in the term β. Meenken [31] derived the
relationship between the minimum number of the wave reverberations, kmin, and the minimum
compressive strain in the specimen for a rectangular pulse shape. For a given kmin derived from
Eq. 2.6, the minimum compressive strain can be calculated from the following equations:
min =
l0˙(1− βkmin)
cα
(2.7)
α =
σt
σi
=
2θ
1 + θ
(2.8)
β =
σr
σi
=
1− θ
1 + θ
(2.9)
Where k is the number of wave reflections in the specimen, α a is the ratio of the transmitted
stress to the incident stress at the interface between the bar and specimen, whereas β is the
ratio of reflected to incident stress at the interface between the bar and specimen. θ denotes
the acoustic impedance ratio between the specimen material and the bar material, respectively.
Chen et al.[32] used 0.25-mm thick circular piezoelectric transducers placed between the bars
and the specimen in order to identify whether the specimen is in equilibrium (compression SHPB
test). The mechanical impedance of the transducers was very close to the mechanical impedance
of the aluminium bars they used, hence the transducers did not affect the propagation of the
one-dimensional wave in the bars. Quartz-crystal force transducers have been also successfully
used in the past for determining stress equilibrium in specimen [33, 34].
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A common problem when using a SHPB for characterization of soft materials and polymer-
based composite materials is the weak transmitted signal, which is often undistinguishable from
noise [35]. This is a result of the acoustic impedance mismatch between the specimen and the
output bar. In order to address the problem a number of modifications were proposed. First,
to improve the signal-to-noise ratio a material of low stiffness shall be used for the bars (the
stiffness is related to the accoustic impedance via the material sonic velocity, for calculation of
which the material stiffness value is used). Aluminium bars have been a common alternative to
steel bars [32, 36], but titanium or magnesium bars have been successfully implemented as well
[37]. Polymethyl methacrylate (PMMA) and polycarbonate (PC) bars are often used for soft
materials characterization [38, 39]. However, the utilisation of polymeric bars requires taking
into consideration the following two issues. Due to the decreased acoustic impedance mismatch
between the bars and the specimen, the time required for the specimen to reach the stress equi-
librium is typically increased [40]; Secondly, viscoelastic wave propagation in polymeric bars is
associated with dispersion and attenuation [38, 39], which must be accounted for in the SHPB
calculations as well. An alternative solution to increase the signal-to-noise ratio at the output
bar strain gauge is to utilise a hollow tube as the output bar. Chen et al. [36] performed a
compression SHPB tests on silicon rubber specimens using a 19 mm diameter aluminium hollow
output bar. The authors conducted the same tests with a solid bar for comparison purposes. It
was observed that the hollow bar provided a far higher signal.
In a compression SHPB the specimen is sandwiched between two bars. For such test no
dedicated grips are needed and the only preparation is to smear the bar-specimen interface with
a grease to minimize the friction effects and facilitate better wave propagation. However, tensile
SHPB experiments require quite often some form of grip to hold a specimen. In the past, when
most of the specimens were metallic, the specimen endings were usually threaded. This type of
mechanical joint guaranteed transmission of the wave from the input bar through the specimen
to the output bar. While this type of joint is preferable for metallic specimens, it is totally
unsuitable for testing soft materials or polymer-based composite materials. These materials
require special grips which transfer the load onto them in an appropriate manner.
Chocron Benloulo et al. [41] performed a number of tensile SHPB tests on woven aramid
and polyethylene specimens, and unidirectional polyethylene specimens. The samples were ad-
hesively bonded to the slots made in clamps. It was concluded that irrespectively of the adhesive
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type used, there was always slippage at the slot-specimen interface. Therefore, the authors de-
signed different type of grips, presented in Figure 2.3. They identified that the clamps did affect
the wave readings from strain gauges, but to a very small extent. A numerical simulation of
the experiments proved that the wave reflection occurred at the bar-clamp interface, not at the
clamp-specimen interface. Thus, readings from the bar could have not been used for calculation
of the force transmitted to the specimen.
Tan et al. [20] investigated quasi-static and dynamic properties of aramid fibres. Initially, the
Figure 2.3: Schematic diagram of a tensile SHPB grips for composite testing [41].
authors used capstan grips for dynamic testing, however they concluded that repetitive loading
caused a shear failure in certain part of the grips, and as a result the obtained stress-strain curves
were characterized by significant fluctuations. Therefore, the authors designed a new type of
yarn grips, presented in Figure 2.4 - a very similar one to the grips due to Chocron Benloulo et
al. [41]. Although the grips provided sufficient force to hold the fibre in place, the compression
caused a premature failure of the fibres. The authors overcame the problem by sandwiching
the specimen between two layers of a high-density urethane foam, coated with acrylic adhesive
on both sides. The grips were tested also in quasi-static testing, but it was found that they
were not suitable for static testing due to the occurrence of slippage. The authors referred to
work of Lavielle [42] for explanation of the phenomenon. The reference states that both the
tested fibre and the tape, due to their polymeric nature, have a strain rate dependent coeffi-
cient of friction. Therefore, on dynamic loading the interface friction is probably significantly
higher than during the static tests. The authors suggested also that the tape experienced strain
rate related shear stiffening [20]. Koh et al. [7] performed tensile dynamic tests on SpectraR©
900 yarns. The authors used the same clamps as Tan et al. [20]. In the work they derived
an algorithm that accounts for the mechanical impedance mismatch between the grips and the
bars, and the grips and the specimen. It was noted that the presence of the steel grips caused
an underestimation of the specimen stress and overestimation of the specimen strain. A finite
element code in ABAQUS was employed to verify the accuracy of the derived algorithm. The
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Figure 2.4: Schematic diagram of a tensile SHPB grips for yarn testing [20].
stress-strain curves generated by the model matched closely the theoretical predictions with the
grip correction algorithm.
A certain amount of research work has been recently devoted to dynamic single monofilament
testing and to the micro split Hopkinson pressure bar (micro SHPB). These areas, examples of
which can be found in the following references [3, 11, 43–47], are beyond the scope of this thesis.
Dynamic testing of yarns
The amount of publications devoted to the tensile SHPB testing of yarns is relatively small.
The summary of the publications known to the author is presented in Table 2.3. Before the
results are briefly discussed, it is noted that most of the researchers who are cited in the table,
had different Hopkinson bars (or similar machines) and very few of them provided exact details
of the testing setup (e.g. specification of the bars, materials used etc.). Also, in some of the
publications only very scarce information on the materials tested were provided (e.g. only yarn
name, but no indication of the grade or linear density). Table 2.3 contains all the information
regarding the yarns and the experimental results that were provided in the papers. The “∼”
sign was used when the data was extracted from a chart, as the author of the publication did
not provide the results in a numerical form.
The data presented in Table 2.3 provides information about the mechanical properties (Ul-
timate Tensile Strength, Strain-to-Failure, Modulus) of the tested yarns. As the values are
self-explanatory, the author only highlights in here certain aspects of the data, which he will
refer to when describing results presented in the subsequent chapters. In the presented publi-
cations the strength of DyneemaR© yarn ranged from 2.55 to 2.7 GPa, for 300 s−1 and 700 s−1
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s.r., respectively; while the strain-to-failure (StF) was higher than 6%. SpectraR© noted 2.5 GPa
Ultimate Tensile Strength (UTS) at 365-433 s−1 s.r., and 2.9% StF at the same s.r.. However,
the StF increased to 4% as the s.r. decreased to 0.001 s−1.
The results achieved by the glass fibres indicate that the yarn experienced strain rate effects,
as both modulus and the UTS rose with increase of s.r.. The StF remained similar (∼ 5.6%) for
all s.r.. The UTS of KevlarR© 49 ranged from 2.34 to 3.15 GPa, while the StF ranged from 3.29%
to 4%. The strength of TwaronR© CT716, 1100 dtex increased from 1.19 GPa at 0.0003s−1 s.r.
to 2.9 GPa at 480s−1 s.r., whereas the StF for these two s.r. was 3% and 3.75%, respectively
(the StF rose with increase of s.r.). TwaronR© CT100, 1680 dtex noted 2.395 GPa strength at
0.1 s−1 which increased to 2.753 GPa at 1000 s−1. The StF was 5.19% and 5.7% for these two
strain rates, respectively. A 2.3 GPa UTS and 5-6% StF was noted for TwaronR© 2000. ZylonR©
yarn tested at 800 s−1 s.r. had UTS of 6.55 GPa.
2.3 Ballistic testing of high performance materials
Recent wars in Iraq and Afghanistan have showed that Improvised Explosive Devices (IEDs)
are the major threat for solders. “An improvised explosive device is a bomb constructed and
deployed in ways other than in conventional military action” [53]. It has been found that 65%
of American solders’ injuries during the war were caused by IEDs [54]. Flying fragments and
debris were the most common cause of the injuries. On detonation of an explosive, the charge
undergoes very fast exothermic chemical reaction, resulting in gaseous and solid products at very
high pressures and temperatures. However, it is not only the pressure created during detonation
that makes fragments/debris fly, but also the reflected pressure (assuming interaction with
large, rigid reflecting surface). It is known that when the shock front impinges a large rigid
surface, it may be reflected with the peak pressure 13 times greater than the peak pressure
of the wave before the reflection [55]. A part of the research described in this thesis focuses
on ballistic performance of high performance materials exposed to fragments created by blast
loads. Two kinds of fragments can be distinguished. Primary fragments are the ones which are
part of explosive device i.e. sharp objects packed around of the explosive, parts of casing; while
secondary fragments are produced by the airblast pressures i.e. rocks, soil etc. In laboratory
conditions Fragment Simulating Projectiles (FSPs) and Right Circular Cylinders (RCCs) are
used for simulation of the fragment impact. Five different types of standard FSPs can be
distinguished: Calibre .22 Type 1, Calibre .22 Type 2, Calibre .30, Calibre .50, and 20 mm. A
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Table 2.3: Summary of experimental results from the SHPB tensile yarn tests.
Ref. Yarn tested Strain rate Modulus Strength StF
s−1 GPa GPa %
[48] Dyneema 1000 150-200 2.7 7
[49] Dyneema 300 80 2.55 6.52
700 82 2.55 6.26
[7] Spectra 900, 1333 dtex 0.001 ∼30 ∼1.5 ∼5
0.01 ∼34 ∼1.6 ∼4.6
91-123 - ∼2.4 ∼4
200-298 - ∼2.3 ∼3.4
365-433 - ∼2.5 ∼2.9
[48] Glass fibre 1000 100 2.3 4
[50] E-glass 300 60.56 2.421 5.111
800 62.56 2.641 5.632
1100 62.89 2.689 5.562
1300 65.48 2.767 5.780
[51] Kevlar 49 140 - ∼2.9 ∼3.5
440 - ∼3 ∼3.5
1350 - ∼3.15 ∼3.5
[45] Kevlar 49 0.0001 97 2.34 3.29
0.01 100 2.47 3.33
140 112 2.94 3.54
440 119 3.02 3.64
1350 125 3.05 3.86
[48] Kevlar 49 1000 150-220 2.4 4
[12] Kevlar 129 800 - 2.9 ∼3.5
[12] Kevlar KM2 800 3.08 -
[12] Kevlar LT 800 - 2.78 -
[48] Kevlar 964 1000 120-200 2.3 6
[52] Kuralon 7901-1, 2000 dtex 0.1 20.3 1.19 9.89
270 49.7 1.50 4.70
600 52.6 1.61 4.93
1500 51.2 1.85 5.97
[48] Twaron 2000 1000 130 2.3 5-6
[12] Twaron 800 - 3.27 -
[20] Twaron CT716, 1100 dtex 0.0003 74.13 2.12 3
0.008 74.13 2.12 3
300 ∼90 2.5 3.5
400 ∼92 ∼2.75 ∼3.6
480 ∼92 ∼2.9 ∼3.75
[52] Twaron CT100, 1680 dtex 0.1 62 2.395 5.19
180 69 2.596 5.12
480 70 2.704 5.47
1000 72 2.753 5.7
[12] Zylon 800 - 6.55 -
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schematic diagram of an FSP is shown in Figure 2.5. The 20 mm diameter projectiles were used
for the research presented in subsequent chapters. Nevertheless the literature review presented
below provides a general overview of the ballistic behaviour of high performance composite
materials and Armox steel, which was used as the reference material in this study, subjected to
different projectiles.
Although steel components are being replaced by lightweight composite materials, steels are
still the most commonly used material in the defence industry. The ballistic performance of
steels are also commonly used as a reference for comparisons with new materials being intro-
duced to the market. A typical commercially available armour steel is ArmoxR© manufactured
by Swedish company SSAB Oxelo¨sund AB. The ArmoxR© designated steels are characterized
by high toughness and high hardness. The number following the brand name (e.g. ArmoxR©
500T) provides information regarding hardness of the material. Although Armox is often used
in various applications, the information available in the open literature on mechanical properties
and ballistic performance of particular Armox steel grades is scarce. The number of published
papers narrows down still further, if interested in the ballistic performance of ArmoxR© steel
Figure 2.5: Schematic diagram of a Fragment Simulating Projectile [56].
against fragment simulating projectiles (FSPs). Galvez et al. [57] investigated static and dy-
namic fracture toughness of ArmoxR© 500T, while Skoglund et al. [58] looked into the fracture
modelling of ArmoxR© 500T. Pechoucek et al. [59] investigated the ballistic performance of a
number of layered armour systems, among which some included ArmoxR© 440 and Armox 500;
using 20mm FSPs shot at up to 1.2 km/s. The paper, however, neither contains ballistic curves
nor information regarding residual velocity from the experiments. The provided in that paper
ballistic limits were computed using LS Dyna. Showalter et al. [60] conducted ballistic trials on
ArmoxR© 600T and ArmoxR© Advance using 0.30-cal. projectiles shot at up to 930 m/s.
For many years armoured steel plates have been used as the main tool to defend against
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various types of threats in the warfare environment. Developments in chemical engineering have
resulted in the ability to manufacture ballistic grade, polymer-based composite materials, of sim-
ilar (or improved) ballistic performance to steel armour, but at a significantly reduced weight.
High performance composite materials are currently extensively used in various defence applica-
tions requiring high protection levels and low weight at the same time. Typically, unidirectional
(UD) cross ply laminates are used in such applications which aim to defeat ballistic threats,
whereas woven fabrics tend to be employed in applications exposed to blast threats. An ex-
tensive overview of ballistic studies on fabrics and compliant composite laminates was provided
by Cheeseman & Bogetti [61]. The authors note the importance of material properties and the
fabric structure when designing against impact. The influence of the projectile geometry and the
striking velocity, as well as many other factors, on the ballistic response of various materials are
also discussed. Although a number of publications contributed to increasing the understanding
of dynamic behaviour of compliant laminates, the processes occurring in these composites dur-
ing impacts are still not fully understood. Iremonger & Went [62] conducted ballistic trials on
Nylon 6.6/EVA laminates subjected to impact from a 1.1 gram Fragment Simulating Projectile
(FSP). The authors noted that the fibres located in front face of the panel experienced one of
the two different failure modes (transverse shear of fibres or stretch and tensile failure of fibres)
depending on which edge of the projectile they were in contact. Prosser [63] investigated ballistic
performance of a multilayer Nylon 6,6 fabric impacted with 0.22 FSPs. The author identified
that the work of penetration per interior layer was constant. Penetration mechanisms are de-
scribed in part II of his work [64], which is focused on providing more evidence that the major
mode of failure of the Nylon panels impacted by the FSP was shearing. Ballistic performance
of Nylon 6,6 was also compared with the performance of KevlarR© 29 in Figucia et al. [65]. The
authors observed that tensile yarn straining was the main energy dissipating mechanism in the
tested fabrics, while the strain wave velocity was concluded to be the most influential parameter
affecting the ballistic performance of the materials. An investigation of the ballistic performance
of composites reinforced with aramid and ultra high molecular weight polyethylene (UHMWPE)
fibres was conducted by Scott [66]. The author compared deformation characteristics, caused
by the projectile impact, of rigid and compliant laminates. Similarly to observations made by
Iremonger [62], Scott highlighted the fact that there was a spring-back effect in the compliant
laminates i.e. the fibres at the front face after being compressed by the projectile, and having
fractured, spring back in the direction opposite to the projectile flight. Lee et al. [67] noted in
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their ballistic study involving SpectraR© 900 that although the matrix system did not seem to
absorb substantial amounts of the impact energy, it definitely contributed to the overall amount
of the energy absorbed by the composite. Flanagan et al. [68] compared ballistic performance
of various fabrics of different architectures, made of SpectraR© 1000, KevlarR© 129, and TwaronR©
2000. An epoxy resin was used as the matrix system. 12 gram right cylinder projectiles with a
length-to-diameter ratio of 3 were fired at 200 - 1100 m/s. It was observed that the failure modes
experienced by the panels changed with increasing striking velocity. At velocities higher than
800 m/s shear-plug formation was the main failure mode at the front face of the panels, whereas
fibre breakage and pullout were observed at the back face of the panels. Nussbaum et al. [69]
compared ballistic performance of a 3D fabric made of VectranR© HT yarn into a warp interlock
layer-to-layer structure, and two TwaronR© products: LFT GF4 and CT 714 (the former is a
UD X-ply four layer laminate with PE film used as the matrix, whereas the latter is a plain
weave fabric). A 5 mm diameter steel ball was fired at up to 1.3 km/s. It was found that the
ballistic performance of the Vectran fabric was lower than the two reference materials. Alcock
et al. [70] investigated impact performance of all-polypropylene composites subjected to impact
of 1.1 g FSP. The PP panels had 8 kg/m2 areal density (were 12 mm thick). It was found that
the ballistic limit was 504 m/s. Hazell & Appleby-Thomas [71] investigated the ballistic perfor-
mance of carbon fibre hybrid composites impacted with steel balls. The authors used DuralR©
and KevlarR© to produce four different hybrids. The projectile striking velocities were not given
in the paper, however, it can be calculated from the maximum impact energy and the projectile
mass provided in the paper, that the maximum striking velocity was less than 400 m/s. It was
found that samples with KevlarR© backing performed substantially better than ones with DuralR©
backing. Presence of KevlarR© at the front face provided “little-to-no improvement to the bal-
listic performance of the system” [71], while sandwiching one of the aforementioned materials
between CF laminates provided inferior ballistic properties when weight was taken into account.
Larsson & Svensson [72] conducted research on structural lightweight armour materials. Carbon
fibres, ZylonR© AS fibres and DyneemaR© SK66 fibres were used as the reinforcement phase in
the hybrid. The panels had the same thickness (thus different areal density). The percentage
of DyneemaR© or KevlarR© layers in the carbon fibre hybrids varied from 0 to 100%, every 25%.
The authors used laminates of either cross-ply lay-ups or quasi-isotropic layup (involving 0o,
90o, ±45o plies). The .22 calibre FSPs were fired at up to 600 m/s by a powder gas gun. It was
found that the two laminates with the lowest resin content had the best ballistic performance
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- PBO/phenolPVB and DSM UDX 75 HB2, respectively. Fujii et al. [73] conducted a ballistic
study on CFRP. φ4 mm steel spheres were fired at to up to 1230 m/s. Three different types of
fibres were used X (XN05), Y (YSH50A), and T (T700S). A cross-ply hybrid laminates of 2 mm
and 6 mm thickness consisted of three parts: front, intermediate, and rear (each consisting of a
number of plies). Seven different hybrids were produced: TTT, XTT, TTX, XTX, XXX, YYY,
Y-H. It was found that among the 6 mm thick hybrids, the TTT and XTT hybrids dissipated the
greatest amount of energy. The authors noted that the carbon fibres in the front layer had very
little influence on the energy absorption, as the layer experienced a hydrodynamic behaviour.
However, presence of the high tenacity fibres (T) at the rear layer provided improved ballistic
performance. All 2 mm thick laminates showed a similar energy absorption capacity above strik-
ing velocities of 711 m/s, due hydrodynamic behaviour of the specimens. An experimentally
determined boundary velocity above which the hybrids started to experience the hydrodynamic
behaviour was estimated. It was observed that the materials of higher modulus had higher
boundary velocity than the materials of lower modulus. Karthikeyan et al. [74] investigated
ballistic performance of cured and uncured carbon fibre laminates within 0 to 500 m/s impact
velocity range and compared it with performance of Dyneema HB26 and Dyneema HB50. The
test panels had 100 mm diameter (the effective impact area) and were clamped around the
perimeter using bolts. All panels had 5.89 kg/m2 areal density. It was found that uncured CF
laminates had three times higher ballistic limit than cured CF laminates (300 m/s and 100 m/s,
respectively), but both materials were inferior to the performance of Dyneema HB26 and HB50
that had ballistic limits of 450 m/s and 555 m/s, respectively. There has been also an interest
in the mechanical and ballistic properties of hybrid fibre metal laminates (FMLs). Abdullah &
Cantwell [75] tested aluminium/polypropylene FMLs under medium velocity impact. A woven
CurvR© and two types of aluminium (2024-O (annealed) and 2024-T3) were used for production
of eight different hybrids (of different areal densities). 12.7 mm diameter steel projectiles with
a hemispherical head were fired at up to 200 m/s against the hybrids. It was found that FML
with stronger 2024-T3 alloy offered an improved ballistic performance. Moreover, the results of
the investigation were compared with previous studies and it was shown that this type of FML
provided 250% higher specific perforation energy than a similar KevlarR©-FML system.
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2.4 Analytical methods of predicting ballistic performance of
composite materials
Although there has been a substantial improvement in the accuracy of ballistic predictions
provided by numerical codes, analytical methods are still frequently used. The methods although
often simplify the ballistic event to just few parameters, allow to “get a feeling” for the ballistic
limit of a given material, very quickly. The following pages provide an overview of the selected
few analytical methods used for prediction of the ballistic performance of composite materials.
A wider overview of the subject is given in [76].
Recht & Ipson [77] derived analytical equations that describe the ballistic penetration dy-
namics of thin plates impacted by blunt fragments. The method was developed for metallic
targets which typically failed in shear during the impact (i.e. a plug was created). The residual
velocity of the projectile was estimated using the following equation:
VR =
1
1 + mMP
√
V 2I − V 2BL (2.10)
Where VR is the residual velocity of the projectile, VI is the impact velocity, VBL is the ballistic
limit velocity, m is the mass of the plug (or debris) driven from target after the impact, M is
the mass of the projectile. The above equation is based on the conservation of energy, given by
the following relationship [77]:
1
2
MV 2I =
1
2
MV 2BL +
1
2
MV 2R +
1
2
mV 2R (2.11)
where the left side of the equation is the initial kinetic energy of the projectile, while the right side
of equation is a sum of the penetration energy, residual kinetic energy of the projectile, and the
kinetic energy of the target fragments/debris, respectively. The formula assumes that the initial
kinetic energy is only dissipated in the target through penetration damage, the debris fly off at
the residual velocity of the projectile, and that the penetration energy is constant. Although
this analytical method was derived for thin metal plates, it was found that the method provides
good predictions for brittle composite materials such as carbon fibre reinforced epoxies [78–80].
The equation was used also for prediction of the ballistic limit of uncured carbon fibre materials
presented in Chapter 6.
Cunniff [10] presented a dimensionless analysis for optimization of a textile-based body
armour. This analysis was also adopted for prediction of the ballistic limit of fibre reinforced
composite materials. The method assumes that the ballistic limit of the material, V50, is solely
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dependant on the mechanical properties of the yarn and the ratio of the areal densities of the
fabric and the projectile. Equation 2.12 presents the relationship.
V50
3
√
Ω
= f(
ADtarget
ADprojectile
) (2.12)
where AD is areal density, f is the empirically determined functional relationship from exper-
iments, and Ω is the product of fibre specific toughness and strain wave velocity, as shown
below:
Ω =
σ
2ρ
√
E
ρ
(2.13)
where σ, , E, and ρ are the fibre strength, strain at failure, modulus, and the mass density. It is
possible to rearrange equation 2.13 so that it is expressed in textile units (strength in cN/dtex,
modulus in N/tex) [81]. The equation is given by:
3
√
Ω(m/s) = 171
σ(cN/dtex)2/3
(N/tex)1/6
(2.14)
The two Ω equations provide a prediction of how change in the fibre properties affects the
ballistic performance of the material reinforced with the fibres. The main advantage of the
analysis is that it allows for creating a master curve that compares the ballistic performance
of different materials. Cunniff first selected KevlarR© 29 as the reference material and plotted
its V503√Ω ratio versus the ratio of the areal densities. Then, each
V50
3√Ω ratio for other materials
was normalized with respect to the ratio of KevlarR© 29. Although the dimensionless analysis
provides reasonable predictions for some materials, the author noted that the predictions for
SpectraR©, carbon fibre/epoxy, and E-glass/polyester had to be adjusted (the Ω values had to
be artificially reduced) in order to fit the master curve. It was noted that the errors occurring
for the brittle materials (559 m/s was estimated, while 482 m/s was used in the analysis for the
Glass; 593 m/s was estimated, while 375 m/s was used for the carbon fibre) were caused by the
fact that the analysis neglects the contribution of lateral compressive stress to the premature
failure in axial tension. The overestimation of Spectra performance (801 m/s was estimated,
while 672 m/s was used for the analysis) was presumed to be the result of the fibre softening
during the impact, which is not accounted for in the analysis. It is worth noting that Cunniff
analysis simplifies the ballistic performance of a composite material (the V50 ballistic limit) to
only two parameters related to the yarn physical and mechanical properties. The analysis does
not take into consideration: strain rate effects in the fibres, non-linearity of the yarn stress-
strain curve, plastic deformation of the yarns, influence of the composite matrix system and
many other phenomena such as shock loading. Cunniff stated [10], however, that the analysis is
50
a first-level screening tool to assess the performance of fibres used in fabric armour systems.
Werff et al. [81] showed via results of a numerical simulation how changes of the yarn
properties (strength and modulus) affect the fibre reinforced material theoretical ballistic limit.
The authors also used the cubic root of Ω for the curves with constant value. A simple power
function was used to express the relationship, presented in Figure 2.6:
Ballistic limit(m/s) = a(fibre strength or modulus)b (2.15)
Figure 2.6: The relationship between the strength and modulus of the high performance fibres
[81].
Singletary et al. [82] summarized various scaling rules for prediction of V50 limits for soft (dry
fabric) and hard (fibre reinforced composite) armour systems subjected to impact of Fragment
Simulating Projectiles. The authors modified the equation proposed by Cunniff [83] in order
to overcome problems associated with using this equation for prediction of armours of very low
areal densities (when V50 → 0 then X5 → 0). Equation 2.16 presents the Cunniff equation,
whereas Equation 2.17 is due to Singletary et al.:
V50 = X5(secθ − 1)X8eX6ΓX7 (2.16)
V50 = X5(secθ − 1)X8(X9)ΓeX6ΓX7 (2.17)
where Γ is the ratio of the armour areal density to projectile areal density, θ is obliquity,
X5, X6, X7, X8, X9 are the fitting constants. Singletary et al. [82] used Equation 2.17 to plot
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ballistic response of various soft and hard Kevlar products. Figure 2.7 shows that the equa-
tion fit the experimental points very well. The form of the Equation 2.17 gives two inflection
Figure 2.7: The fitted V50(Γ) for several types of hard armour [82].
points which allows for accounting for three different regimes of dominant energy absorption
mechanisms that were observed at different striking velocities in composite materials. Walker
[84] noted that there tend to be one inflection point for soft armours, and two for hard armours
in the curves. The author noted that these characteristics were associated with the influence of
resin (or the lack of it in case of soft armour) on the energy dissipating mechanisms occurring
at different striking velocities. It was observed that dry fabrics of low areal density tend to
have better ballistic behaviour than composites of similar weight. As the relative areal density
increased, the bending stiffness of the composites began to provide additional penetration re-
sistance which resulted in the higher ballistic limit of the composite compared to a soft armour
of the same areal weight. The phenomena are depicted in the curves presented in Figure 2.8,
which were created using the following equations:
VBL(X, 0) =
9
2
(1 + βX)cf f{(Rbl
Rp
)2/3 − 2(Rbl
Rp
)1/3 + 3}−1 (2.18)
Rbl
Rp
=
√
9pi
8
(
1
X
+ β) (2.19)
VBL(X, r) =
√
1− r + r(βX)3VBL(X, 0) (2.20)
where X is the ratio of the armour areal density and projectile areal density, 0 indicates the resin
mass fraction of the dry fabric (none), r is the resin mass fraction, cf is the fibre sonic velocity,
52
f is the fibre strain-to-failure, and β is a multiplier to give the area of fabric initially involved in
the motion (an approximation). Van Gorp et al. [85] showed that the relationship between the
energy absorption of Dyneema against Fragment Simulating Projectiles and the areal density of
the panel, can be approximated using a simple linear equation:
Eabs
S
= AD × c (2.21)
where Eabs is the absorbed energy in Joules (the energy is based on the V50 velocity), S is the
striking face area of the projectile in mm, AD is the areal density of the target in kg/m2, and c
is the ballistic material related constant (the slope of the curve). The method assumes that the
Figure 2.8: Ballistic limit curves for dry Kevlar 29 fabric and Kevlar 29 composite panels [84].
FSP is non-deformable and that the contribution of all panel layers is the same. The authors
noted that deviation of the experimental points from this simple formula was less than 10%, and
that the model is applicable to both soft and hard armours. An example charts are presented in
Figure 2.9. The numbers next to the curves indicate weight of the FSPs. Due to the fact that
there is a constant relation between the weight, diameter and strike face of the FSPs specified
by STANAG 2920, equation 2.21 can be rewritten as follows:
V50 = C ×AD1/2 ×W−1/6 (2.22)
where C is the material related constant, and W is the FSP weight in grams. The authors found
that a similar formula but with different exponents can be used for estimation of the ballistic
limit for steel. Equation 2.23 shows the formula. The authors mentioned also that the model
53
Figure 2.9: The normalized energy absorption versus areal density [86].
works for aramid textile based armour, but no details were provided.
V50 = C ×AD3/4 ×W−1/3 (2.23)
A number of studies shown that the energy absorption of a composite material during an
impact event increases with the rise of the target areal density (i.e. thickness) [62, 86–90]. In
some of the publications simple relationships were derived between the thickness/areal density
of the target, projectile areal density, and the penetration resistance (i.e. the ballistic limit, or
the energy at the ballistic limit).
2.5 Conclusions
The presented literature review showed that although a certain amount of open literature
on the tensile behaviour of high performance yarns and monofilaments exist, the data comes
from many research laboratories at which different testing conditions (gripping system, strain
rate, gauge length etc.) were used for the tensile tests. This is valid for both the static and
dynamic tests. The lack of standardisation causes a substantial problem when trying to compare
performance of different fibres. The comparison of ballistic performance of different composite
materials reinforced with these high performance yarns is not easy. A typical publication devoted
to a ballistic performance of a given material contains a lot of information regarding the observed
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damage in the panel and its deformation, few pictures, discussion on various energy dissipating
mechanisms etc., but, apart from the ballistic curve (if provided), the publication provides very
little quantitative data that could be used to validate a numerical model. Very rarely do such
publication provide all the details about the yarns and matrix used for the composite, which
makes it difficult to establish a link between yarns performance and the ballistic performance
of the composite. Also, quite often the published research involves materials of very low areal
density (i.e thin samples) which frequently does not allow for a direct comparison with real life
threats, as certain physical phenomena occur only in thicker panels subjected to much higher
kinetic energies (e.g. hydrodynamic behaviour). In some cases, the ballistic performance of
the material can be extrapolated via scaling laws and analytical methods, some of which were
presented in this review, but as it was shown, these analytical methods often simplify the impact
case only to a few variables.
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Chapter 3
Static tensile yarn testing
As it was shown in the literature review, the ballistic performance of polymeric composite
materials is largely dependent on the mechanical properties of fibres employed as the reinforce-
ment phase. Such armour grade composite materials typically have very high fibre volume
fractions, Vf = 0.8− 0.9. It is, however, not entirely understood to what extent the properties
of fibres are reflected in the ballistic behaviour of the composites. As a first step to link the two
areas together, an extensive set of tensile yarn testing was conducted. The aim of this research
was to identify the influence of yarn gauge length and strain rate on the measured properties of
tested fibres.
3.1 Textile units
The following pages contain numerous references to units that are rather rare in engineering
fields not related to textiles; and therefore a brief introduction is provided herein. The linear
weight of a fibre/yarn is typical given in tex or dtex units, defined as:
tex = gram per kilometre (g/km) (3.1)
decitex = 0.1 gram per kilometre (3.2)
Typically tensile performance of different yarns is presented in units of specific stress such as
N/tex or cN/dtex (i.e. load divided by linear weight).
3.2 Experimental setup and materials
An Instron 5969 testing machine with a 50kN load cell was used for the tests. The yarns were
held by Instron 1kN Yarn Grips (2714-004 model). Figure 3.1 presents the setup. The strain
56
was measured optically by means of a Phantom V12 camera and an in-house developed motion
tracking software (described in section 4.2). Both the load cell and the camera were recording
at 500 samples per second resolution. The yarn gauge length was defined as the length of the
yarn not in contact with the grips (i.e. between the tangent points on the clamps), as shown in
the Figure 3.2. Three gauge lengths were investigated 100 (247.32) mm, 250 (397.32) mm and
500 (647.32) mm. The values in the brackets indicate total length of the yarns (including the
distance around the curved part of the grips). The strain rates used were 0.1, 0.01, and 0.001
s−1, however, due to the machine limitations, only the 100 mm gauge length was tested at all
three strain rates. The other two gauge lengths were tested only at 0.01 and 0.001 s−1 strain
rates. The strain rate values were calculated based on the yarn gauge length. The strain was
measured by tracking movement of two black marks on the fibre. Hence, the strain measurements
presented in the subsequent pages show the actual strain (albeit it is engineering strain, as no
conversion to true strain was made). The positions of the marks were extracted by the motion
tracking software.
Figure 3.1: The experimental setup for
static tensile yarn testing.
Figure 3.2: The definition of the yarn gauge
length and the strain measurement length.
Although there are many different yarns available, most of them fall into one of the chemical
structure categories, presented in Figure 3.3.
57
Figure 3.3: The chemical structure of some of the high performance yarns.
The following materials were tested (chemical structure indicated in the brackets):
1. Basalt 1500 dtex
2. DyneemaR© SK76 1760 dtex (PE)
3. FenglumR© 3700 dtex (Aramid)
4. InnegraR© 1050 dtex (PP)
5. KevlarR© 49 215 dtex (Aramid)
6. KevlarR© 49 2400 dtex (Aramid)
7. Nylon 6.6 940 dtex
8. S2 Glass 7 µm 660 dtex - 1 strand of the 19800 dtex yarn
9. S2 Glass 9 µm 660 dtex - 1 strand of the 19800 dtex yarn
10. TegrisR© 1160 dtex, unconsolidated (PP)
11. TensylonR© 1000 dtex, unconsolidated (PE)
12. TwaronR© 1000 1680 dtex (Aramid)
13. TwaronR© 2000 3360 dtex (Aramid)
14. VectranR© HT 1670 dtex (LCP)
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15. ZylonR© HM 276 dtex (PBO)
16. ZylonR© HM 3030 dtex (PBO)
It is worth noting that TensylonR© and TegrisR© are not a multifilament yarns, but thin tapes.
Appendix A contains information regarding physical properties of all tested materials. The
tested yarns were untwisted during the tests. Five tests per yarn type were made.
3.3 Results and discussion
Before the test results are discussed it is noted that the Ultimate Tensile Strength (UTS) is
defined herein as the highest engineering stress experienced by the yarn during loading, whereas
the Strain-to-Failure is defined as the engineering strain at the Ultimate Tensile Strength. Mind
that the latter might be the final strain prior to the ultimate failure of the yarn (e.g. aramids,
glasses) or it can be the onset of gradual failure (e.g. polypropylene, polyethylene). The charts
showing specific properties do not include error bars as the latter are included in the preceeding
charts. The engineering stress-strain charts for each yarn, each gauge length, and each strain
rate are provided in the Appendix B.
3.3.1 Ultimate Tensile Strength (UTS) & Tenacity
Figure 3.4 and Figure 3.5 present a comparison of the UTS values for the tested yarns. The
highest UTS value was noted for Zylon HM fibres - around 4.3 GPa on average. The lower dtex
Zylon fibre achieved overall (for different gauge lengths and strain rates) slightly higher values,
however the scatter in the data allows one to say that both Zylon fibres had a very similar
UTS. It was observed for both fibres that as the gauge length increased the UTS decreased.
Possibly, this may be related to the higher amount of manufacturing imperfections present in
longer yarns. The Zylon fibres had the second highest specific UTS, just after Dyneema SK76
yarn. The latter, together with Kevlar 49 215 dtex and Vectran HT, yielded overall the second
highest UTS values, in the region of 2.8 GPa. However, the specific UTS values show that the
Vectran and Kevlar yielded the fourth and the fifth highest values, respectively, after Dyneema
and Zylon fibres.
It is important to highlight the fact that this Kevlar yarn has a very low linear density compared
to Dyneema and Vectran yarns (215 dtex against 1760 dtex and 1670 dtex, respectively). It
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Figure 3.4: The yarn performance comparison chart - Ultimate Tensile Strength.
is known that the lower linear density fibres achieve higher UTS values and also have better
ballistic performance in certain armour systems [91]. The yarn tenacity comparison, presented
in Figure 3.6, shows a similar order of yarns which yielded the highest values. Depending on
the gauge length and strain rate value compared, Dyneema or Zylon fibres held the first place
(∼28 cN/dtex), followed by the Vectran HT (∼ 22 cN/dtex) and the Kevlar 49 215 dtex (∼19
cN/dtex) yarns. It was observed that the Dyneema yarnd had a similar UTS values across
all investigated gauge lengths and strain rates (taking into consideration the error bars). On
the contrary, all investigated para-aramid yarns (Kevlar, Twaron, Fenglum) clearly showed a
decrease of UTS with an increase of gauge length. Considering the UTS, the discussed top five
yarns are followed by four aramid yarns and two glass yarns. The two Twaron yarns noted,
on average, a 2.5 GPa UTS, followed by the S2 glasses which achieved UTS in the range of 2
GPa, Kevlar 49 2400 dtex with UTS of 2 GPa, and Fenglum with UTS ranging from 1.75 to 2.1
GPa. The two Twaron yarns yielded very similar results, whereas the 7 µm diameter S2 Glass
appeared to have a slightly higher UTS than the 9 µm diameter S2 Glass. However, taking into
consideration the error bars, both glass yarns appear to have almost the same UTS. The specific
UTS values of the aramid yarns present the same order as in the UTS chart (as nominally they
all have the same mass density), whereas the S2 Glass specific UTS values are lower than the
aramid values, due to the higher mass density of glass. A similar trend was observed for these
yarns in terms of their tenacity (∼16.5 cN/dtex and ∼14 cN/dtex for the two Twaron yarns
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Figure 3.5: The yarn performance comparison chart - Specific Ultimate Tensile Strength.
and Kevlar 49 2400 dtex, respecively), only with the exception of Fenglum which due to its high
linear density (3700dtex) noted lower values (∼13 cN/dtex). The lowest UTS values were noted
for Tensylon (∼1.5 GPa), which was one of the two tapes among all the other fibres, Basalt
(∼1.2-1.5 GPa), Nylon 6.6 (∼700 MPa), Tegris (∼600 MPa) which is also a tape, and Innegra
(∼500 MPa). However, the specific UTS showed Basalt to have the lowest values among all
materials, due to its high mass density. The other four materials due to their low mass density
(780 kg/m3 for Tegris, 840 kg/m3 for Innegra, 970 kg/m3 for Tensylon, and 1100 kg/m3 for
Nylon 6.6) noted higher values. The specific UTS of Tensylon was comparable with the values
yielded by other aramid yarns, while the material noted higher tenacity values (∼17.5 cN/dtex)
than any of the aramid yarns (although the scatter in the data makes this statement arguable),
apart from Kevlar 49 215 dtex.
3.3.2 Strain to Failure (StF)
Figure 3.7 and Figure 3.8 present strain-to-failure values for all tested yarns. The figures
do not include error bars as the measurement error was always less then 0.001 strain. The
longest extension was noted for Nylon 6,6, which elongated on average 15.5%. The second and
third largest extension were achieved by Innegra (∼7.5%) and Tegris (∼6%) - two polypropy-
lene materials: fibre and tape, respectively. All other fibres experienced strains less than 3.2%.
This value was achieved by Vectran HT at 100 mm gauge length and it decreased to 3% as the
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Figure 3.6: The yarn performance comparison chart - Tenacity.
gauge length increased to 500 mm. Strains of 2.6-2.8% were noted for Twaron 1680 dtex and
Fenglum. Similar values were achieved by Dyneema but only at 500 mm gauge length. The
fibre experienced increase of StF with increase of gauge length and decrease of strain rate, from
2% at 0.1 strain rate and 100 mm gauge length to 2.8% at 0.001 strain rate and 500 mm gauge
length. An opposite trend was observed for Fenglum and Vectran HT. Approximately 2.5% StF
was noted for the 7 µm diameter S2 Glass across all gauge lengths and strain rates investigated,
whereas an increase in StF from 2.1% to 2.6% was observed for the 9 µm diameter S2 Glass
as the gauge length increased and strain rate decreased. A 1.8% to 2% strains were noted for
Kevlar 49 215 dtex and Twaron 1680 dtex. It is worth noting that both Kevlar and Twaron
fibres of higher linear densities had lower strains-to-failure than the low linear density Kevlar
and Twaron fibres. The two investigated Zylon HM fibres had similar StF at 250 and 500 mm
gauge lengths at 0.001 strain rate (1.6-1.8%), however a substantial increase in StF was observed
for the higher linear density Zylon HM fibre at the 100 mm gauge length - the StF increased to
2.2%. Basalt fibre strained up to 1.9% at 0.1 and 0.01 strain rates, but the value fell to about
1.5% at 0.001 strain rate. The lowest elongation was observed in Tensylon tape, 1.5%, which
gradually rose up to 1.7% as the gauge length increased.
At this point it is worth reminding that the Strain-to-Failure was defined as the strain
at the Ultimate Tensile Stress. At the UTS most of the fibres failed within the gauge length
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Figure 3.7: The yarn performance comparison chart - Strain-to-Failure.
and sprung back towards the grips, which was reflected by a straight line going from the UTS
value to 0 MPa level in the stress-strain charts, presented in Appendix B. There were, however,
yarns/tapes which failed gradually or suddenly but did not spring back towards the grips. The
former group included: Fenglum, Innegra, Tegris, and Zylon HM 3030 dtex. The latter group
was represented by Vectran HT and Zylon HM 276 dtex. Figure 3.9 and Figure 3.10 shows
snapshots from the high speed videos showing failure of these materials. The onset of Fenglum
failure was marked by a gradual micro failures of monofilaments along the entire length of yarns,
which on a macro scale was perceived as an increase of the yarn thickness and fluffiness. A sim-
ilar failure was experienced by Zylon HM 3030dtex. In Zylon HM 267 dtex, however, although
certain separate filaments were gradually failing, at a certain point the yarn almost instanta-
neously “exploded” into many defibrillated filaments, as shown in Figure 3.10e. Such failure was
even observed at the lowest loading rate, 0.001 s−1. The failure of Innegra, although looking
similar to Zylon HM 276 dtex in the presented snapshots, occurred in a different manner. On
loading, Innegra filaments gradually failed one by one up to the very last filament. It is noted
that each single failure caused movement of the adjacent filaments as this one filament sprung
back towards the grips - similarly to the yarns previously discussed. It appears that the fila-
ments had stored a substantial amount of strain energy during the loading. Neither Zylon yarns
nor Fenglum sprung back towards the grips. The failure of Vectran HT fibre can be described
as inbetween the failure mode of Innegra and Fenglum, although Vectran did not increase its
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Figure 3.8: The yarn performance comparison chart - Strain-to-Failure magnified view.
thickness so much as Fenglum. Moreover, Vectran failed much faster then the two fibres. The
observed different failure modes of theses yarns might be related to their linear density (i.e. the
number of filaments in yarn). Fenglum and Zylon 3030dtex were the heavier yarns, followed
by Vectran HT 1680 dtex, Innegra 1050dtex, and Zylon HM 276 dtex. Tegris is a tape which
appears to be more or less uniform when observed by a naked eye. During the loading, however,
a gradual failure was observed. The failure onset at the edges of the tape and, typically, a
thin strip sprung back towards the grip. This gradual strip defibrillation progressed up to the
final failure. In some cases, the tape failed in the middle in shear (on failure one strip went
upwards, while the other went downwards), as shown in Figure 3.10d, which possibly indicates
a misalignment of the specimen. It was observed that, for some reason, this gradual failure of
Tegris was more pronounced at 100 mm gauge length than on the longer ones. In general, the
types of failure described in this section were similar in all tests, irrespective of strain rate and
gauge length, with the only difference in the speed of the failure process e.g. the gradual failure
of Fenglum was not that well observed at 0.1 s−1 strain rate 100 mm gauge length- the yarn
almost instantaneously got thicker.
It is worth noting that the employed Instron grips were not particularly suited for tape
testing as the surface in contact with the tape/yarn was curved, as shown in Appendix C. While
a yarn simply spreads over the surface on loading, a tape becomes c-shaped. Considering that
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Figure 3.9: The high speed video snapshots from the static yarn test of: a) Fenglum; b) Innegra;
c) Vectran HT. Initial distance between the black markers was 250 mm.
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Figure 3.10: The high speed video snapshots from the static yarn test of: d) Tegris; e) Zylon
HM 276 dtex; f) Zylon HM 3030 dtex.
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the curvature is in the opposite directions on both grips (see the setup in Figure 3.1), the transi-
tion point between the two distorted parts of the tape must be present somewhere in the middle
of the tape length, which probably causes a stress concentration. This possibly might have
influenced the results - more on the topic in the subsequent section. Moreover, a c-shaped cross-
section is stiffer than a rectangular section (i.e. tape on flat surface). In the authors personal
opinion, although no scientific investigation was conducted, this curvature is not particularly
suited for yarn testing as well. Even if the yarn spreads over the curved surface, due to the type
of ending in the grips (denoted as ”The curved end” in Appendix C), it is possible that some of
the filaments are longer than others, and at the very starting point at the edge of the clamp the
filaments are conically spreading. Ideally, the surface of the grip should be flat and the tested
yarn should spread over that surface.
3.3.3 Modulus
The modulus of the fibres, which stress-strain curves were linear (e.g. Kevlar), was calculated
as the slope of the curves at origin. For the yarns which stress-strain curves were non-linear,
the modulus was calculated as chord modulus taken at 0.003 and 0.007 strain, unless indicated
otherwise. This way any initial slack (if present) did not influence the measurement, while the
modulus value represented the slope of the curve close to its origin i.e. the acoustic modulus.
Figure 3.11 and Figure 3.12 present the comparison of Modulus and Specific modulus values for
all tested yarns, respectively.
The author observed that the employed yarn grips affected the modulus measurements. All
measured modulus values were higher than what is typically quoted by the respective fibre
manufacturers and in the literature. This effect was more pronounced for smaller gauge lengths
than at higher gauge lengths due to the fact that for the former the ratio of the amount of yarn
in contact with the grips (the curved steel element) to the amount of yarn in the gauge length
(the part of yarn that was in air) was higher than for the latter. Most likely, friction between
the yarn and the grips was responsible for the observed effect. The strain measurements were
not affected as these were made using contactless method, while it remains unknown to what
extent the grips affected the strength measurements.
It was observed that the highest modulus value was obtained by the Zylon fibres, with the
lower linear density yarn noting the highest values, 230-260 GPa. The shortest fibres (100 mm
gauge length) noted the highest modulus values, irrespectively of the speed of the test, for the
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reason mentioned above. The high linear density Zylon HM had modulus of about 215 GPa,
20-50 GPa lower than the low linear density Zylon. The 3030 dtex yarn showed similar modulus
values across all gauge lengths and strain rates. The second highest modulus value, 140-150
GPa, was achieved by Dyneema SK76 at 100 mm gauge length. Tests with a longer gauge length
showed a decrease of modulus to about 110 GPa at 0.001 s−1 strain rate, 500 mm gauge length.
Kevlar 49 215 dtex had higher modulus than 2400 dtex Kevlar yarn - typically by 10-20 GPa.
A 155 GPa modulus value was noted for Kevlar 49 215 dtex at 0.1 strain rate, 100 mm gauge
length, whereas the 2400 dtex yarn tested at the same speed and gauge length noted modulus of
130 GPa. On the contrary, the higher linear density Twaron yarn noted higher modulus than the
lower linear density Twaron, on average by 25 GPa. The modulus of Twaron 3360 dtex ranged
from 110 GPa to 137 GPa, and in general, decreased with the increase of gauge length and
decrease of strain rate. A similar trend was observed for the lower density Twaron. Tensylon
Figure 3.11: The yarn performance comparison chart - Modulus.
was the only material of non-linear stress-strain curve which modulus was calculated differently.
Figure B.10 shows that the response of the tape was characterized by a dual curvature. It is
believed, however, that the initial slope of the curve is a result of the influence of grips (the
curvature), which was discussed in the previous section. The influence of grips, if present, would
be more pronounced at short gauge lengths. Figure B.10 shows that the double curvature is
more pronounced at a shorter gauge length and almost diminishes at 500 mm gauge length.
This allows to presume that indeed the grips affected the measurements. Therefore, the chord
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Figure 3.12: The yarn performance comparison chart - Specific modulus.
modulus was measured between 0.006 and 0.007 strain points. The modulus of Tensylon was in
the 105-125 GPa range, and in general it appeared to increase with the increase of gauge length.
The modulus of S2 glasses ranged from 80 to 90 GPa. Higher values were noted for higher
strain rates than for the lower strain rate results. The modulus of Vectran and Basalt were in
a similar range, 70-90 GPa. The former noted approximately 70 GPa for the 500 mm gauge
length 0.001 s−1 strain rate. Vectran modulus rose with the increase of strain rate and decrease
of gauge length. An 89 GPa modulus value was noted for the 100 mm gauge length yarn tested
at 0.1 s−1 strain rate. The modulus values of Basalt remained similar in all tests, in the range of
72-80 GPa. The modulus of Fenglum increased with increase of strain rate, from 61 GPa at 500
mm gauge length and 0.001 s−1 strain rate to approximately 70 GPa at 100 mm gauge length
and 0.1 s−1 and 0.01 s−1 strain rate. The lowest values of modulus were observed for Tegris,
Innegra, and Nylon 6.6. The materials achieved the following values respectively 10-13 GPa, 10
GPa, and 5-8 GPa.
The comparison of the yarns specific modulus, presented in the Figure 3.12, shows that the
top three highest values are also held by the two Zylon fibres and Dyneema. The latter, similarly
to the other polyethylene product (Tensylon), noted a substantial jump, relatively to the other
products, due to its low mass density. The similar effect was observed for the polypropylene
products (Innegra and Tegris), however, the increase was not that substantial due to their low
modulus values. The relative difference between all other products remained more or less the
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same.
3.3.4 Toughness
The final comparison of the yarns performance is given in Figure 3.13 and in Figure 3.14,
which present toughness and specific toughness of all tested yarns, respectively. No error bars
are provided in these charts as toughness is the actual area under a stress-strain curve, which
means that the error is a resultant of the errors associated with the measurement of stress
and strain that were given in the previous paragraphs. Moreover, the two charts are presented
only for information purposes for future researchers/engineers who may find them useful. The
author makes no attempt to describe the trends (or the lack of them) for each yarn, as these
were covered in the previous paragraphs. Only general remarks are given.
It was observed that the highest toughness was achieved by Nylon 6.6 due to the very high
Figure 3.13: The yarn performance comparison chart - Toughness.
strain-to-failure (∼15.5%). Zylon HM 3030 dtex yielded the second highest value, followed by
Vectran HT. It is worth noting that the former had higher toughness than Zylon HM 276 dtex,
that had the fourth highest toughness, due to the higher strain-to-failure. The remaining yarns,
excluding Basalt, Kevlar 49 2400 dtex, Tegris, and Tensylon, had similar toughness values, which
ranged on average from 20 to 35 J/m3 depending on the g.l and s.r. The lowest toughness was
achieved by Tensylon, Basalt, and Kevlar 49 2400 dtex, respectively. Nevertheless, the specific
toughness comparison showed that the performance of most of the yarns was not so high when
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the material weight was taken into consideration. The highest specific toughness values were
noted for the three yarns/tapes which exhibited very high strain-to-failures (Nylon 6.6, Innegra,
and Tegris), two yarns for which overall performance was really good in terms of UTS and StF
(Dyneema SK76, Vectran HT), and the yarn of exceptionally high UTS and high StF value
(Zylon HM 3030 dtex).
Figure 3.14: The yarn performance comparison chart - Specific toughness.
3.3.5 The gauge length and strain rate dependency of yarns
Having described the individual results for all fibres, it was possible to identify which of
the yarns were characterized by a strain rate effects and which by a gauge length dependency.
Figure 3.15 presents influence of the yarn gauge length and test strain rate on the fibres ultimate
tensile strength values, while Appendix B contains all stress-strain curves based on which the
conclusions presented in this paragraph were drawn.
The Dyneema yarn experienced strong strain rate effects, which was pronounced by a sub-
stantial change of the stress-strain curve slopes, observed in Figure B.1 in Appendix B. A similar
behaviour was observed by Russell at al. [6], but the authors accounted creep effects for the loss
of curve slope and drop of the UTS. Minor strain rate effects were also witnessed for Tensylon
tape, which is an Ultra High Molecular Weight Polyethylene as well. This conclusion was based
on the observation of Figure B.10, not on the values presented in Figure 3.7. The latter were
subjected to the actual measurement points used for the chord modulus, whereas the above
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Figure 3.15: The influence of: a) gauge length at 0.01 1/s strain rate; b) strain rate at 250 mm
gauge length; on the Ultimate Tensile Strength of tested fibres.
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statement is based on the observed change of the curvature of the entire stress-strain curves.
The modulus of the tape increased with the rise of strain rate, while the UTS value remained
at a similar level. The strain-to-failure remained almost the same.
Basalt yarn was characterized by substantial strain rate effects. The UTS decreased by up
to 400 MPa as the strain rate decreased from 0.1 s−1 to 0.001 s−1. The variations in modulus
value were relatively small. The strain-to-failure was also higher at higher strain rates.
Neither the strain rate dependency nor the gauge length dependency were observed for In-
negra yarn. Nevertheless, there were some fluctuations in UTS and StF, as shown in Figure 3.4
and Figure 3.7, but no apparent trend was observed.
It was observed that although the modulus of Tegris tape was initially identical for all in-
vestigated s.r. and g.l., it changed after the first 1.5-2% of strain. A small decrease in the UTS
and in modulus (after the aforementioned change) was noted as the strain rate decreased.
Nylon 6.6 experienced an increase of the UTS and modulus (the latter was measured at the
second part of the curve, not at the initial part as shown in Figure 3.7) with the increase of
strain rate. Although not visible at 0.1 s−1 and 0.01 s−1 strain rates, the influence of gauge
length was also observed at 0.001 s−1 s.r. The yarn elongated approximately 2% more, while
UTS and modulus noted a minor decrease.
Fenglum also exhibited gauge length dependency. The strength noted for the 100 mm gauge
length and 0.01 s−1 s.r. tests was approximately 2.5 GPa, and it decreased with the increase
of yarn gauge length, to a value of approximately 1.8 GPa for the 500 mm g.l., at the same
strain rate. A similar trend was also observed at the lower strain rate tests. It is likely that
the manufacturing imperfections were responsible for such behaviour i.e. in a longer yarn more
imperfections are present (assuming constant distribution of the imperfections in the yarn),
hence the onset of yarn failure in the longer yarn would occur earlier. On the other hand, if
this assumption was correct, most likely the standard deviation would be large and different for
each gauge length. This was, however, not observed. The modulus rose slightly with increase of
strain rate, which might be indicating the yarn strain rate dependency.
The UTS of Kevlar 49 215 dtex did not change substantially with the increase of strain rate.
However, its strain-to-failure increased and the UTS decreased as the gauge length increased.
As a consequence the modulus also changed. It appears that the quality of the Kevlar yarn did
not decrease with increase of gauge length, compared to Fenglum. The stress-strain curves were
almost perfectly linear. No strain rate effects were noted for Kevlar 49 2400 dtex as well. Never-
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theless, it was observed that the UTS of the latter slightly decreased with decrease of strain rate
and with increase of gauge length. The yarn showed an initial curvature at the beginning of the
stress-strain curve (see Figure B.5) i.e. a kind of slack. This was not observed for the low linear
density yarn, however, a similar effect was witnessed for the two Twaron fibres, shown in Figure
B.11 and Figure B.12. This observation allowed to conclude that the initial slack must have
been associated with the presence of a large number of filaments in the tested yarns. Possibly,
the low linear density yarn, as a consequence of having fewer monofilaments, was more uniformly
tensed once installed in the grips (i.e. these few filaments spread over the surface of the grips in
an equal manner). On the contrary, in the high linear density yarn with many filaments, some of
the filaments might not have been tensed as much as the others. Possibly, the filaments located
at the outer surface of the bundle were slightly longer than the ones adjacent to the grips. On
loading, the yarn with just few filaments would immediately respond to the loading, resulting in
a linear stress-strain curve; while in the yarn with large amount of filaments, only some of the
filaments would immediately experience tension while others would experience it after a certain
delay, related to the difference in length between the filaments and their relative position in the
bundle. This, most likely, would be reflected on a stress-strain curve as a non-linear response
i.e. the slack.
The Twaron 1680 dtex yarn neither experienced strain rate effects nor gauge length depen-
dency. The modulus of the yarn slightly decreased (by less than 10 GPa) with increase of the
gauge length and some small fluctuations in the UTS values were present for different s.r. and
g.l.. However, these are believed to be a result of variability in the yarn quality. The stress-strain
curve was almost perfectly linear, similar to the one observed by Tan et al. [20]. The strain rate
effects were observed, however, for the 3360 dtex Twaron yarn. For the 100 mm gauge length
the modulus rose from ∼110 GPa to ∼145 GPa as the strain rate increased. The increase in
modulus was less pronounced at the other gauge lengths, although it was still present. These
observations seem to indicate that the observed “strain rate” effects in the Twaron yarns were
not related to the actual change in the reaction of the yarn molecules to different loading rates,
but were a result of a bundle effect present in yarns with large amounts of filaments. This
bundle effect is a result of friction between the filaments, which is related to the sizing used for
a particular batch of yarns. The author does not know what sizing was applied to any of the
tested yarns.
In terms of the S2 Glass fibres, it was observed that the modulus and the UTS decreased with
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decrease of strain rate. This indicates that the response of the yarn was strain rate dependant.
The influence of gauge length was not present.
Figure B.13 shows that the response of Vectran HT was strain rate dependent. The highest
UTS and modulus values were noted for the tests conducted at the highest strain rates, while
the lowest UTS values were observed during the slowest tests. A minor decrease in the UTS
was observed when the yarn gauge length increased. The stress-strain curve was non-linear,
the slope of the curve increased after approximately 1.5% of strain. An identical observation
was made by Pegoretti et al. [21], who explained that the cold drawing process of the polymer
molecules was responsible for the phenomenon.
It was difficult to draw any conclusions with respect to Zylon HM 276 dtex fibre because no
trends were apparent. The UTS and modulus were almost the same for all 100 mm tests, how-
ever, both values varied at 250 mm and 500 mm gauge lengths. The 100 mm UTS values were
higher by up to 0.5 GPa than the values obtained at longer gauge lengths. A similar observation
was made for the 3030 dtex Zylon yarn, where the 100 mm g.l. UTS values were higher by up
to ∼1 GPa than the rest of the UTS results. The strain-to-failure was also higher by almost
0.005% while the modulus was lower. The 3030 dtex yarn showed a substantial drop in the UTS
and increase in modulus, (compared to the 100 mm results) when the gauge length increased.
It appears that both Zylon yarns exhibited gauge length dependency (decrease of UTS with
increase of g.l.), which was more pronounced at the higher linear density yarn (the yarn with
more filaments). Similar observations were made by Kitagawa et al. [22] and Montes-Moran et
al. [16]. The authors accredited the drop of the UTS to the critical flaw concept.
3.4 Comparison of the experimental results with the literature
The results obtained from the tensile yarn tests were compared with the results from the
literature that were presented in Table 2.1 in Chapter 2. Due to the fact that the authors of most
of these publications did not provide any yarn details, such as linear density, the comparison is
very general. Also, due to the fact the the gauge length used for the experiments described in
literature studies differed from the ones used in this study, the latter were proceeded with a “∼”
sign to indicate that an approximate value was used for the comparison (i.e. the actual values
for a given s.rate and g.l. might have been slightly different).
Dyneema SK76 achieved the UTS of ∼2.75 GPa, ∼130 GPa modulus, and ∼2.3 % elongation.
These values are higher then the values observed by Russell et al. [6]. The latter noted 2.1 GPa
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UTS, modulus of 118 GPa, and maximum elongation of 2.3 %, at 10−3 s.rate. However, that
the experimental setup used in their experiments was very different to any other yarn testing
setup, which might have been partially responsible for the observed low values.
Kevlar 49 215 dtex investigated in this study yielded Ultimate Tensile Strength of ∼2.8 GPa,
which is much higher than the value noted by Zhu et al. [15] - 1.6 GPa. It is noted, however,
that Zhu et al. obtained the yarn from a fabric by cutting off the adjacent material, which might
have damaged the extracted fibre. In terms of the modulus, the achieved value (∼140 GPa) is
also higher than the values provided in the open literature. The modulus of 120 GPa was noted
by Cunniff [10] and Zhu [15], while a 115 GPa value was observed for a monofilament by Fawaz
et al. [13]. Nevertheless, no information was provided on the experimental setup in [10].
Nylon 6.6 experimental results (UTS = ∼850 MPa, E = ∼7.5 GPa, StF = ∼15 %) are similar
to the ones due to Cunniff [10] (UTS = ∼910 MPa, E = ∼9.57 GPa, StF = N/A).
The strength and the modulus of Twaron 1680 dtex tested in this study (UTS = ∼2.5 GPa,
E = ∼90 GPa) were higher than the values noted by Tan et al. [20] (UTS = 2.1 GPa, E = 75
GPa), while the strain-to-failure values were similar (∼2.7 % vs. 2.9 %). The observed difference
might be related to the difference in the experimental setups - Tan et al. used Capstan grips for
the yarn test, while standard Instron grips were used in this study.
The experimental results yielded by the Zylon fibre (UTS = ∼4.3 GPa, E = ∼240 GPa, StF
= ∼1.75 %) are lower than the ones presented in the open literature. Chae et al. [23] noted 5.8
GPa Ultimate Tensile Strength, 270 GPa modulus, and 2.5 % strain-to-failure for a Zylon HM
fibre. However, the properties of monofilaments observed by Kitagawa et al. [22] and Davies
et al. [24] showed very different values. The UTS ranged from 5.03 to 5.9 GPa, modulus was
260-320 GPa, while strain to failure ranged from 1.5 to 2.6 %. Taking into consideration the fact
that, in general, multifilaments present worse performance in tensile tests than monofilaments,
it is hard to believe that the high values provided by Chae et al. [23] are valid.
3.5 Conclusions
This chapter presented results of the tensile yarn tests conducted on 15 different yarns, at
three strain rates and three gauge lengths. The results showed that behaviour of some of the
yarns was strain rate dependent, some were influenced by a gauge length used in the tests, while
others did not show any dependencies on gauge length or strain rate. Table 3.1 shows a summary
of the effects observed in all yarns. The letter “Y” denotes “Yes”, “N” denotes “No”, while “P”
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means ”Possibly”. The latter is used due to the fact that it was sometimes difficult to judge
whether a yarn exhibited a certain dependency although some indications were present. Also,
based on the data presented in this chapter, it is possible to calculate the acoustic wave speed
in the fibres. Figure 5.66 in Chapter 5 contains this information.
Table 3.1: The summary of the yarn behaviour effects observed during the tensile tests.
It is impossible to draw any conclusions on “which fibre is the best”, as the answer to such
questions is application dependent. Certain fibres might be perfect for some applications, while
totally unsuitable for others. Moreover, the presented study did not take into consideration
the market price of each yarn, which quite often is the driving factor. Also, no consideration
was given to other important factors such as moisture absorption or UV degradation, which
sometimes rules out certain fibres from a given application.
3.6 Publications
The work presented in this chapter resulted in the following publications:
1. C´wik T. K., Iannucci L., Curtis P., Pope D., Tensile testing of high performance yarns.
To be submitted to Polymer.
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Chapter 4
Tensile split Hopkinson bar testing
One of the author’s research objectives was to test high performance yarns at high strain
rates using an existing tensile split Hopkinson pressure bar (SHPB). Unfortunately, it was found
that, although the bar was operational, it was not suitable for testing yarns. Therefore, it
was required to design a new Hopkinson bar and all necessary fibre testing accessories. The
testing was preceded by a numerical study aiming at identification of the importance of tensile
Hopkinson bar parts geometry [92]. Based on the results from this study the new Hopkinson
bar was designed, which properties are presented in the following section.
4.1 Experimental setup
Two sets of input bars and strikers were designed and manufactured. A 3 meter long, 12.7
mm diameter Titanium (meets ASTM B348 specification) and aluminium 7075 bars were used
as the two input bars, while a 1.5 m long, hollow (12.7 mm OD, 6.35 mm ID) aluminium 6082
bar was used as an output bar. The mechanical impedance of the bars was: 2563.4, 1741.5,
1306.1 Ns/m, for the titanium input bar, aluminium input bar, and the aluminium output bar,
respectively. A 40 cm long titanium striker bar was used with the titanium input bar, while
an aluminium striker of the same length was used with the aluminium input bar. Both strikers
were made of the same materials as the corresponding input bars, and had the mechanical
impedance ratio (striker bar to input bar) of 1.03 and 1.17 for the titanium and the aluminium
bar, respectively. The strain was measured by two strain gauges positioned 80 cm away from
the specimen ends of the bars. Nevertheless, a high speed camera was also used for validation
of the strain measurements.
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4.2 Design of additional accessories for the tensile SHPB
Improved gripping system for a tensile SHPB testing Testing yarns in a tensile split
Hopkinson pressure bar requires some type of a gripping system. It is known that regardless of
the grip design the grips may affect the incident wave delivered to the specimen and the reflected
wave, both measured by the input bar strain gauge. Therefore, ideally, it is desirable to take
the strain measurements directly from the specimen using a contactless measurement method,
not via strain gauges. Having experimentally identified that the grip design proposed by Tan et
al. [20], shown in Figure 4.1a, provides the most reliable type of gripping for yarn testing, the
original design was improved in order to: solve problems outlined in Tan’s paper, extend the
testing capability of the grips, and to make the grips more contactless-measurement-friendly.
Tan et al. tested fibres of 30 mm gauge length, where the gauge length was the length of
the unclamped region of the fibre between the grips [20]. They mentioned that installation of
shorter specimens resulted in misalignment and twisting of fibres, which would have influenced
the test results. However, due to the selected gauge length and due to their SHPB setup the
maximum achieved strain rates were not higher than 480 s−1. The author of this thesis found
that it was possible to install fibres in the grips without twisting, if an appropriate installation
method is used. Nevertheless, it was found also that, regardless of the researcher’s efforts, the
yarn mounted in the yarn grips was almost always misaligned when observed via a high speed
camera with a magnifying lens, although it looked aligned by a naked eye. This was a result of
the fibre installation procedure (governed by the grip design). It is believed that the best way to
solve this problem is to rule out any misalignments statistically by conducting a large number
of tests.
Figure 4.1 and Figure 4.2 show a cross-section view of the original Tan’s grips and the
improved design, respectively. The grips consist of four main elements: the holder, two clamping
pieces, and the retainer.
The following changes were made to the original design of the grip:
1. Addition of round edges to the clamping pieces.
Tan et al. placed a high-density urethane foam tape between the yarn and the clamping
pieces in order to prevent premature failure caused by the clamping pieces [20]. Compared
to the original design, the clamping pieces in the improved grips have round edges. No
premature failure at the edge of the clamping pieces has ever been noticed (observed in
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Figure 4.1: Design of the yarn grips due to
Tan et al.[20].
Figure 4.2: The improved design of the grips (a cross-
section view).
high speed video) during any tests. Also, no foam tape is used in the improved grips as
the fibres are in direct contact with the clamping pieces.
2. Additional cylindrical space was added behind the clamping pieces.
Tan et al. [20] placed the yarn as shown in Figure 4.1a, i.e. the yarn does not go beyond
the end of the clamping piece inside the grip. In the proposed improved grip design the
tested yarn always overhangs between 2-5 mm inside the grip. This is done in order to
be able to verify whether there was a slippage in the grip. High performance yarns such
as Dyneema, Spectra, or Kevlar are typically white or yellow. Once the yarn is inserted
between the clamping pieces onto the retainer, the overhang end of the yarn is painted
with a marker, and then the holder is mounted. After the test, once the holder and one
of the clamping pieces is removed, it is possible to observe whether the painted region of
the yarn is inside the clamping region showing whether there was a slippage or not.
3. General clamp geometry optimization.
The retainer, the holder, and the clamping pieces were redesigned in order to minimize
the distance between the end of the clamping pieces and the surface of the retainer. The
distance in the modified grip is only 2.4 mm. This was done in order to minimize length of
the yarn within the grip that is invisible to the high speed camera recording the experiment.
In this setup it is possible to test specimens of 5-6 mm gauge length, thus obtaining very
high strain rates. Two undercuts in the holder and in the retainer were made in order
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to maximize the length of the thread while minimizing the overall length of the retainer.
This also allows for a greater compression force to be applied to the clamping pieces.
4. Asymmetric clamping pieces.
The clamping pieces were made asymmetric in order to maximize the clamping area and
to minimize the distance between the clamping pieces and the retainer surface. This
modification also enhances the testing capabilities of the grips as it is also possible to test
thin tapes (6 mm maximum width).
5. Modification of the thread.
It is always assumed that the entire grip remains perfectly together during the tests.
However, a motion tracking analysis of the grip movement showed (not presented in here)
that in some cases the retainer experiences large inertia forces that caused it to lag behind
the already moving holder. However, a posteriori inspection within the grips does not
indicate presence of the slippage, which indicates that probably the retainer, the clamping
pieces and the tested yarn move together. Alternatively, it is possible that a micro slippage,
not visible to a naked eye, might be occurring during some of the tests. In response to
this problem a finer thread was made on the retainer and the holder.
6. Other minor modifications.
A number of edges were phased out in order to change angle of reflections created by
light illuminating the grips during the tests involving a high speed camera. Well-defined
edges are preferred for contactless measurements made using high speed camera software
or motion tracking software.
Development of a contactless measurement software It was specified in the previous
section that some of the grips modifications aimed at increasing precision of the motion tracking
analysis performed on the grips during the tests, by means of a high speed camera. The author
identified that the time-displacement measurements of the motion of the grips (which was con-
verted to strain in yarn) differ substantially from the measurements from strain gauges (more
details in the following section). It was found, however, that manual extraction of the displace-
ment data from the high speed videos was particularly labour-intensive and error-prone. Also,
it was identified that a commercial motion tracking software was very expensive (e.g. £10-20k).
Therefore, an open source motion tracking software was developed in Matlab environment by a
UROP student Edward Hudson, under the authors supervision.
81
The developed motion tracking software was designed to track motion in two dimensions
only. The particular problems the software was designed for were: static tensile yarn testing,
SHPB yarn testing, and shear testing of laminates. The software has two modes (Normal mode,
and Angular mode). The former is used for analysis of the first two problems, whereas the
latter for measurements of angular motions. It is envisaged that the software will become an
open-source platform for everybody to use free-of-charge.
4.3 Investigation of the stress equilibrium in yarns
The Hopkinson bar theory has two main specimen-related assumptions that are prerequisite
for having reliable test results from any SHPB experiment. First, the tested specimen should
be in the state of dynamic stress equilibrium prior to its failure. Second, the strain rate should
be constant during failure of the specimen. The former is the subject of this section, while the
latter is discussed in next section.
A number of publications devoted to tensile SHPB testing of yarns assumes that there is
a stress equilibrium in the yarns during the experiment or/and does not provide any scientific
evidence that there actually was a stress equilibrium in the yarns [7, 20, 45, 49, 50, 52]. The lack
of sound proof may indicate that these authors either neglected this fact or that they simply
theoretically estimated the minimum time required to attain a stress equilibrium state in a yarn,
using for instance the calculation method provided by Yang and Shim [30]. The latter used the
method of characteristics to analyse wave propagation in a specimen prior to attaining a state
of stress equilibrium. The authors suggested that it was fair to presume that the specimen (e.g.
yarn) was in the stress equilibrium, if the stress difference at both specimen ends was less than
5%. The authors provide the following three equations for the rectangular pulse, a pulse with a
finite rise time, and a linear ramp pulse, respectively:
αk =
2β(1− β)k−1
(1 + β)k − (1− β)k (4.1)
αk =
2β2(1− β)k−2
(1 + β)k − (1− β)k−2 (4.2)
αk =
2β2(1− (−(1− β)/(1 + β))k)
2kβ − 1 + ((1− β)/(1 + β))k (4.3)
β =
Aspcρspccspc
Abarρbarcbar
(4.4)
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where α is the stress uniformity parameter, k is the number of times the wave travels through
the specimen, β is the mechanical impedance ratio between the specimen and the bar, ρ is the
mass density, A is the cross-sectional area, and c is the sonic velocity. Indices “spc” and “0”
denote the specimen and the bar. The specimen is in equilibrium for α ≤ 0.05.
The work due to Koh et al. [7] and Tan et al. [20] were conducted in the same facility, Im-
pact Mechanics Laboratory at National University of Singapore, and thus it is fair to presume
that the very same SHPB setup was used in both studies. Based on the information provided
in the papers it was possible to conduct theoretical identification whether the stress equilibrium
was present during the experiments, by employing the Yang and Shim calculation method. In
both studies 12 mm diameter input bar and output bar were used, along with steel yarn grips.
The yarns had 30 mm gauge length, while the maximum strain rates achieved were up to 500
s−1. It was not specified what the bars were made of, but the finite element model of the SHPB
in [7], results of which were compared with the experimental results, had steel bars. However,
the author of this thesis visited Impact Mechanics Laboratory and saw the the bars appeared
to be aluminium, not steel. Also, the fact that neither Koh nor Tan conducted any tests at
strain rates higher than 500 s−1 may indicate some limitations of the setup. One such potential
limitation could be the yield strength of aluminium.
Therefore, as this was a point of uncertainty, the Yang and Shim calculations were performed
for both materials. The details of the calculations are presented in the Appendix D. For the
purpose of the calculations a generic steel, aluminium, UHMWPE yarn, and aramid yarn prop-
erties were assumed, as shown in the appendix. Moreover, as the authors of the two papers do
not mention how many bundles of fibre were tested in a single experiment, it was assumed that
only one bundle was tested. However, the author of this thesis found it was difficult to obtain
any signal at the output bar strain gauge, if less than three bundles of such yarns are tested,
and therefore the calculations were also performed for the three bundles case. The results of
the calculations indicated that the time required for the UHMWPE and aramid fibres to reach
dynamic stress equilibrium is less than 25 µs, regardless of the bars material. The author ob-
served during the experiments that typically a high strength yarn tested in a tensile SHPB failed
within 40-100 µs. This allowed to conclude that theoretically the yarns tested by Koh [7] and
Tan [20] could have been in dynamic stress equilibrium.
It was impossible to conduct a similar analysis for the following publications [45, 49, 50, 52],
as the authors did not provide sufficient information required to perform the calculations (e.g.
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bar material).
In practice, it is possible to measure and compare the forces (hence stresses) in the input
and the output bars based on the strain measurements from strain gauges mounted on the bars.
Figure 4.3 shows schematically a yarn mounted in a tensile SHPB and two forces at each end of
the specimen. For the purpose of this example it was assumed that the yarn was perfectly bonded
to the surfaces of the grips, while the latter had the same mechanical and acoustic impedance
as the input and output bars. It was assumed also that there was no loss or distortion of the
signal at the bar-grip interfaces (they are perfectly attached). In order to have the dynamic
Figure 4.3: Schematic diagram of the stress equilibrium in a multi-filament yarn mounted in a
tensile SHPB.
stress equilibrium in a yarn during the test the forces at both ends of the yarn have to be equal:
Fi = Fo (4.5)
where indices “i” and “o” denote the input bar and output bar. In a typical Hopkinson bar
setup the strain measurements are made by two strain gauges attached to the input and output
bars (denoted S.G. in the Figure 4.3). Thus, in order to calculate forces at both ends of the
yarn, the Hook’s Law is invoked:
σ = E (4.6)
where σ is stress in the bar, E is Young’s modulus of the bar, and  is the strain measured from
the strain gauges. Now, by rearranging and resolving for the force in the bar:
F
A
= E (4.7)
F = AE (4.8)
By inserting Eq. 4.8 into Eq. 4.5, the equilibrium condition in the yarn is given by:
AiEii = AoEoo (4.9)
Taking into consideration the fact that the input bar signal consists of an incident wave and the
reflected wave the Eq. 4.9 can be rewritten as:
AiEi(in + ref ) = AoEoo (4.10)
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where the indices “in” and “ref” denote the incident and reflected wave, respectively.
Equation 4.10, however, simplifies the real experiment quite considerably. In the actual
experimental setup the input bar is made of aluminium, whereas the grips are made of steel.
Moreover, the outside diameter of grips is larger than the diameter of the bar. In this setup,
there is an acoustic impedance mismatch between the two elements i.e. a part of the incident
signal is reflected back to the input bar at the bar-grips interface, while the signal which is
reflected at the grip-yarn interface, after multiple reflections within the grips (as they are a
complex structure), is transmitted at a higher amplitude (due to the mechanical impedance
ratio) back to the input bar.
In order to identify in a practical manner whether a high performance yarn can be in
a state of dynamic stress equilibrium during a tensile SHPB experiment, a set of experiments
involving two different input bars and five different pulse shapers was conducted. The force
measurements were based on the strain gauge readouts and they were calculated using equations
presented in the previous paragraph. The pulse shapers were used in order to alter the shape
of the pulse induced in the input bar. An aramid yarn, similar to the ones tested by Tan [20]
was employed in the study.
Experimental setup and materials
The experimental setup was as described in section 4.1. The striker velocity was constant for
all experiments discussed in this section. High speed videos of the experiments were recorded
at 100k fps at 304 x 120 pixels resolution.
A KevlarR© 49 2400 dtex yarn (approximately 1500 monofilaments of 12 µm diameter each)
was used for the tests. The yarn was held by the yarn grips, described in the section 4.2. It
was found that in order to record any signal at the output bar strain gauge, at least three yarn
bundles had to be inserted into the grips. The gauge length varied from 8-10 mm.
The following five pulse shapers were investigated in the study: thin paper (80 gsm), thick
paper (approximately 1 mm thick carton), thin plastic, thick plastic, and bronze. All were
placed at the impact face of the anvil.
Results and conclusions
The superimposed readings from the strain gauges and the calculated force-time histories for
both bars are plotted in Figure 4.4 and Figure 4.5. It was observed that the pulse shapers
influenced the incident signals only to a small extent - the maximum amplitude values remained
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more or less the same for a given striker-input bar set, but the slope of the rising and falling edges
changed. The paper shapers elongated the two edges, while not affecting the overall timespan of
the signal. The plastic inserts and the bronze insert showed very little influence on the incident
signal. They seemed to influence only the high frequency components of the incident wave.
Having observed that the pulse shapers did not bring anticipated results (i.e. change the shape
of the wave) for the titanium bar, only two tests were made with the aluminium bar: one with
no pulse shaper, and one with thick paper.
The force-time histories showed that there was almost an order of magnitude difference
between the maximum amplitude of the force recorded in the input bar (1.5 to 6 kN) and the
force recorded in the output bar (less than 0.5 kN). This shows that the tested yarns were far from
reaching state of dynamic stress equilibrium. The readings, however, used for these calculations
were taken from the strain gauges located far away from the yarn, hence it is possible that the
yarn grips affected the signals to some extent. The mechanical impedance ratio between a high
performance yarn (or even a couple of yarn bundles) and the metalic bars/grips of 10-15 mm
diameter is approximately 1:1000. Thus, although it is easy to deliver a load to the fibre, the
fibre struggles with inducing a signal of a large amplitude in the output bar. This allows to
theorise that the yarn could have actually been in the stress equilibrium state during the test,
although the strain gauge based measurements indicated that they were not.
It is believed that a direct force measurement at the output bar side of the yarn would solve
the above problem.
4.4 Investigation of constant strain rate during the yarn test
The second fundamental assumption of the Hopkinson bar theory is the requirement for the
strain rate to be constant during loading and failure of the specimen. The strain rate is typically
calculated based on the reflected wave signal recorded by the input bar strain gauge.
Figure 4.6 presents the strain rate time histories obtained from the optical and the strain
gauge measurements for the selected four yarns. As the striker bar velocity was constant in all
these tests, the strain rate values measured by the input bar strain gauge were similar, 400-
600 s−1 during the first 100 µs. The observed deviation from this range was a result of small
variations in the yarns gauge length. The strain gauge based measurements indicated that
the strain rate was almost constant for each yarn, for about 50 µs, after the initial 40 µs.
However, the strain rate measurements from the high speed videos showed that the rate of
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Figure 4.4: The strain gauge signals and the force readouts for the following SHPB setups: a)
Ti input bar, no pulse shaper; b) Ti input bar + thin paper; c) Ti input bar + thick paper; d)
Ti input + thin plastic; e) Ti input + thick plastic.
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loading was non-linear for most of the time and was nearly constant only for very brief periods
of time, ∼ 10µs. These periods of constant strain rate obtained from both types of measurement
overlapped, indicating that the yarns could have been in the state of constant strain rate during
the experiment for a very short period of time. This means, however, that the obtained stress-
strain curves are not valid as the strain rate changed for most of the loading time (with the
exception of these 10 µs periods). The optical measurements showed also much higher strain
rate values than the strain gauge measurements - 2-3 times higher.
Figure 4.5: The strain gauge signals and the force readouts continued for the following SHPB
setups: a) Ti input bar + bronze; b) Al input bar, no pulse shaper; c) Al input bar + thick
paper.
4.5 Conclusions
In summary, the research showed that none of the two fundamental Hopkinson pressure bar
technique assumptions were met. It was identified that the strain gauge measurements might
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Figure 4.6: The strain rate time histories from the optical and the strain gauge measurements
for the following four yarns: a) Dyneema HB26; b) Fenglum; c) Tensylon; d) Zylon HM.
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have been unable to provide reliable data regarding the stress equilibrium state in the yarn
(or the lack of it) due to the presence of the grips. The strain rate was constant during the
experiments only for very short periods of time, allowing to conclude that that the assumption
of the constant strain rate was not met. Nevertheless, the optically measured strain to failure
values were accurately measured using high speed videos. Table 4.1 compares the StF values
with the results from static testing and from the literature.
Table 4.1: The comparison of the SHPB results with static testing results and the open literature.
This research Literature
Static SHPB SHPB
Ref Material
Dyneema HB26 [48] Dyneema
 2-2.7% 2.6% 7%
Tensylon - -
 1.5-1.7% 3.4% -
Kevlar 49 [45] Kevlar 49
 1.6-1.9% 1% 3.86%
Nylon 6.6 - -
 15-17% 16% -
S2 Glass [48] Glass fibre
 2.5% 0.5% 4%
Twaron [52] Twaron
 2.7% 0.5% 5.7%
Zylon HM [12] Zylon
 1.6-2.2% 1% -
The data shows that the SHPB values are, as expected, similar or lower than the static values
described in the previous chapter. The only exception is Tensylon which high value was caused
by misalignment of the sample in the grips. The comparison of the results with the literature
shows that other authors obtained much higher strain to failure values, but their measurement
were strain gauge based and most likely involved much larger amount of fibres held in the grips.
The larger the fibre bundle in the grip, the higher probability of misalignment which causes a
gradual failure of the fibres during the loading. Also, these high values are much higher than
the static values which indicates that they are highly questionable.
Although further improvements of the setup could be made, such as: making the grips of
titanium or magnesium (to reduce the mechanical impedance mismatch), using thinner output
bar (e.g. 5 mm diameter) with the external thread for the grip; the author believes that such
experimental configuration would still not make enough difference to meet the Hopkinson bar
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theory assumptions. Therefore, the author believes the method is not suitable for tensile yarn
testing and that further work in this area should focus on finding an alternative design for the
yarn grips (one which would guarantee no misalignments and deformation of the signal) and on
changing the measurement method (the strain gauges).
4.6 Publications
The work presented in this chapter resulted in the following publications:
1. C´wik T. K., Iannucci L., Curtis P., Pope D., and Robinson P. Investigation of factors
influencing dynamic response of a tensile split hopkinson pressure bar. In The 53rd
AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Confer-
ence, Honolulu, Hawaii, 23-26.04 2012.
2. C´wik T. K., Iannucci L., Curtis P., Pope D., and Robinson P. Dynamic testing of high
performance composite materials. In The 15TH European Conference on Composite Ma-
terials, Venice, Italy, 24-28.06 2012.
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Chapter 5
Ballistic testing of high performance
materials
This chapter presents results from ballistic trials on various high performance materials and
materials that might be used as constituents of the former. Due to the fact the aim of the
trials was to generate the specific type of data required for validation of advanced numerical
simulations (i.e. the estimation of V50 was not the main goal), and because a limited number
of panels were available for the study, the striking velocity, Vs, was increased every shot by
approximately 100 m/s up to about 1.2 km/s. Particular focus was put on extracting as much
quantitative data as possible from the experiments by means of high speed cameras and 3D High
Speed Digital Image Correlation.
5.1 Materials
The ballistic performance of eight different materials is described in this chapter. All tested
panels had the same areal density, 23.55 kg/m2, however small deviations occurred in some panels
due to an inability of obtaining the materials at the required areal weight. Any deviations are
specified in the Materials specification paragraph of each section. The reference areal density
value was calculated based on the 3 mm thick Armox 370T steel plate. All panels were 300
x 300 mm, unless indicated otherwise. All materials were tested as-provided. The ballistic
performance of the following materials is described in this chapter:
• Steels
1. ArmoxR© 370T Class 1 - purchased
2. ArmoxR© 440T - purchased
• Polymers
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1. Polycarbonate (PC) - purchased
2. Polypropylene (PP) - purchased
3. Ultra High Molecular Weight Polyethylene (UHMWPE) - purchased
• High performance composite materials
1. DyneemaR© HB26 - provided by DSM
2. SpectraR© 3124 - purchased
3. TegrisR© - provided by TenCate
The comparison of the ballistic performance of these eight materials is presented at the end of
this chapter in Figure 5.69. The figure contains also data for another seven materials which were
tested during this research programme, but are not described in this thesis. They are described
in separate reports. The data for the following materials was added to the chart:
1. Goldshield with KevlarR© - provided by Honeywell
2. S2 glass 3x3 Basket Weave + Epoxy - S2 glass provided by AGY
3. TensylonR© 09 (polyolefin matrix) - provided by DuPont
4. TensylonR© 30A polyolefin matrix) - provided by DuPont
5. TensylonR© 31D (Kraton matrix) - provided by DuPont
6. Vectran HT 3x3 Basket Weave + thermoplastic matrix - Vectran provided by Kuraray
7. Vectran HT 3x3 Basket Weave + Epoxy - Vectran provided by Kuraray
5.2 Generic experimental setup
The trials employed 20 mm diameter steel and copper Fragment Simulating Projectiles
(FSPs) fired at up to 1.2 km/s at zero obliquity by a powder gas gun. The steel projectiles
were manufactured to STANAG 2920 [93], while the copper projectiles had exactly the same
geometry, but higher mass (as a consequence of the density of copper). A standard copper was
used for the projectiles (ρ= 8930 kg/m3, E= 110 GPa, σY = 70 MPa). The projectiles weighed
53.1±0.15 gram and 60.25±0.25 gram, respectively.
The back face of the tested plates was supported in all four edges. The panels were clamped
93
by four clamps with bolts fastened in the direction transverse to the flight of the projectile, as
shown in Figure 5.1 (the panel is shown in orange). This clamping system guaranteed the panel
remained in place, while no substantial compression force was applied to the panel. No holes
were made in the panels.
Figure 5.1: The CAD drawing of the ballistic rig used in the study.
A typical experimental setup is presented in the Figure 5.2 (schematically) and Figure 5.3
(in practice). Up to six Vision Research high speed cameras were used during the trials. The
striking velocity of the projectile was measured either by an infrared gate or by Doppler radar.
Typically, two high speed cameras were used for the front face 3D Digital Image Correlation
(DIC), another two cameras were used for the rear face 3D DIC, and one high speed camera was
used for measurement of the residual velocity. When the front face 3D DIC set was unavailable,
a single high speed camera was used for recording the front face deformation. Projectiles which
penetrated panels were caught in a wooden catcher box filled with sand and rags.
A C-shape object, shown in Figure 5.4, of known dimensions was used as the calibration
object for the residual velocity camera. The software used for the high speed cameras has an
inbuilt algorithm for measurement of displacement and velocity of the observed object, but it
requires defining a known reference length. In this case, the length was defined by using the
C-shape object. Tracing paper was used to dim the light required for illumination of silhouette
of the projectile and panel observed by the residual velocity camera.
All cameras had a common trigger and common time reference (IRIG). This allowed to
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correlate the recorded deformation observed at the front face with the back face deformation.
Additionally, the cameras used for the DIC had their frames synchronized (F-sync). Appendix
E contains information about the cameras setup for each of the trials. The rear DIC cameras
were positioned approximately 1.6 m away from the target, whereas the front DIC cameras were
approximately 1.5 m from the target.
Figure 5.2: Schematic diagram of the experimental setup.
The speckle pattern was painted on the panels and on the test rig using black markers. The
dots on the rig were made in order to identify whether the rig moved during the experiments.
It was found that the movement of the rig during the experiments was negligible and therefore
it was not necessary to subtract it from the movement/deformation of the panel. Apart from
the Tensylon panels where a white primer was used in order to reduce the reflectivity of the
material, the pattern was made directly on the panels.
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Figure 5.3: The actual ballistic testing experimental setup.
Figure 5.4: The ballistic rig - side view.
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5.3 A note on the influence of the catcher box on the projectile
deformation
The projectiles that penetrated the panels were caught by the catcher box filled with sand.
However, before the actual experiments, a number of projectiles were shot into the catcher box,
without any panel in the ballistic rig, in order to identify the influence of the box and the sand on
the deformation of the projectile. It was found that the copper projectiles fired at low velocities
(e.g. 200-400 m/s) did not deform during the catching process. However, the projectiles fired
at high velocities (e.g. 1 km/s) deformed to some extent. Steel projectiles did not deform at
all. Figure 5.5 shows a 20 mm diameter copper projectile that was fired at 1 km/s into the
catcher box without any panel mounted in the rig. The experiment showed that the observed
deformation must have been caused by the impact on the sand. Therefore, the deformation
of the projectiles presented in the following sections must have also been a resultant of the
deformation during penetration of the tested panel and during the penetration of the catcher
box.
Figure 5.5: Post-impact image of a 20 mm diameter copper FSP that impacted the catcher box.
5.4 A note on the DIC measurement
This short section gives a brief overview of the DIC software setup used during the exper-
iments and is not meant to be a general overview on the topic. Extensive description of how
Digital Image Correlation works and on the algorithm utilized can be found in [94].
Digital Image Correlation (DIC) is a full-field image analysis method that allows determining
displacement and surface strains in the observed object. Digital Image Correlation is based on
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tracking gray value patterns in local neighbourhood facets. Typically, a random speckle patter
is applied onto the surface of the measured object in order to create the difference in gray levels
required for the DIC algorithm.
Two-dimensional (2D) DIC employs a single camera positioned at a right angle to the mea-
sured surface and is suitable only for measurement of planar deformations. Any out-of-plane
movement of the measured surface may result in erroneous in-plane measurements. A three-
dimensional (3D) Digital Image Correlation requires two cameras positioned at an angle, pointing
at the same point of measurement. Such a stereoscopic setup allows measuring both in-plane
and out-of-plane deformations. By knowing the specification of the employed sensors and the
location of the sensor with respect to the measured object, the position of points on the object
(i.e. the facets) can be calculated. Then, a correlation algorithm processes images from both
cameras in order to obtain position of the points (facets) in three dimensional space. The latter
process applies only to 3D DIC, as 2D DIC utilizes single camera and it requires only defining
a reference length for the algorithm to provide correct displacement values. While 2D DIC
does not require any calibration prior to actual experiments, 3D DIC has to be calibrated using
a reference calibration object with a specific (predefined in the DIC software) pattern. The
calibration procedure allows the software algorithm to create a measurement volume in which
specimen speckle pattern is recognizable.
In the actual experiment, at the end of the calibration procedure the software returns a
calibration deviation parameter. This parameter informs what difference exists between mea-
surements from both cameras. The file is used then as a calibration for all subsequent experi-
mental measurements. In order to gain understanding to what extent this calibration deviation
influences the actual measurements, a dummy test, with an object of known dimensions and
high tolerances, should be done. This would allow for validation of displacement measurements.
In this work no such high precision validation experiments were done, however certain mea-
surements were done on the ballistic rig (as it had the pattern as well) and they showed the
correct distance (the measurement was made on the 250 mm long side of the impact window).
Therefore, it is believed that the displacement values recorded in the experiments are correct to
±1 mm.
Nevertheless, this kind of experiment did not validate any DIC strain measurements. The
latter are nothing else but a change in distance between two recorded facets with respect to
their initial reference distance. In order to validate strain measurements a dummy experiment
98
employing a thin, hyper-elastic membrane exposed to a known out-of-plane displacement would
have to be made. This type of experiment was not done and is envisaged as a future study.
Finally, in terms of the data processing, there is a step in the DIC file setup in which one
can change the default Computation size and the Validity quote values. The former is the cal-
culation matrix size, whereas the latter specifies how many elements (percentagewise) has to be
present in the calculation matrix in order to output the facet value. These parameters have the
default values of 3 and 55%. The latter means that the output is produced even if only 4 out of
9 elements are present. These two parameters determine how the calculations are made on the
acquired images. It was found that the default setup was highly susceptible to edge effects (i.e.
the lack of the adjacent facets) and could produce substantial measurement errors. Therefore,
a 5x5 calculation matrix and 70% validity quote were selected. This setup, although providing
outputs of slightly lower value (as the peak value comes from calculations over larger area), has
less noise, is less sensitive to the edge effects, and provides more reliable values (19 out of 25
elements have to be present to create the output value). It was observed that in such setup
the noise in the actual strain measurement was negligible (maximum 0.001% of the measured
strain). Any edge effects which arose from processing of the data (they were not related to the
edge effects associated with the testing rig) were manually corrected, and thus the extracted
data is believed to be correct.
It is noted that the sampling rate of the DIC measurements presented in the following section
was equal to the frame rate of the high speed cameras used in that particular trial. Appendix
E contains information regarding the camera setup.
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5.5 Armox 370T and Armox 440T steels
Although steel components are being replaced by lightweight composite materials, steels are
still the most commonly used material in the defence industry. The ballistic performance of
steels are also commonly used as a reference for comparisons with new materials being intro-
duced to the market. A typical commercially available armour steel is Armox manufactured
by Swedish company SSAB Oxelo¨sund AB. The Armox designated steels are characterized by
high toughness and high hardness. The number following the brand name (e.g. Armox 500T)
provides information regarding hardness of the material. As it was shown in the Section 2,
although Armox is often used in various applications, the information available in the open
literature on mechanical properties and ballistic performance of particular Armox steel grades
is scarce. This section shows results of simple tensile tests and ballistic trials on two types of
Armox steel employing 20mm steel and copper fragment simulating projectiles (FSPs).
5.5.1 Materials specification
Two types of armour steel were tested: Armox 440T and Armox 370T [95],[96]. Table 5.1
shows properties of the materials. The nominal thickness of Armox 370T panels was 3 mm,
while the nominal thickness of the Armox 440T panels was 4 mm. Nevertheless, the average
measured thicknesses were 3.81±0.03 mm and 4.68±0.06 mm, respectively. The manufacturer’s
tolerance on the thickness for both steels is +0.8 mm, in this thickness range [95],[96]. The
average weight of the panels was 3.211±0.043 kg and 2.594±0.014 kg, for Armox 440T and
Armox 370T, respectively. The density of steels was 7845 kg/m3.
Table 5.1: Chemical composition and mechanical properties of the Armox steels [95],[96].
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5.5.2 Tensile test experimental setup
Three dog bone specimens of each Armox steel were tested in tension according to BS EN
2002-1:2005 standard [97]. A Zwick 1488 testing machine with mechanical grips was used. The
sample width at the gauge length was 12.5 mm. An optical strain measurement system was
used for the strain measurement.
5.5.3 Results and discussion
Tensile tests
The results of tensile tests are presented in Table 5.2, while the stress-strain curves are
shown in Figure 5.6. All samples failed within the gauge length. It was observed that Armox
440T has higher Ultimate Tensile Strength (UTS) than Armox 370T, by approximately 120
MPa. The average Young’s modulus values for the steels were similar and equal to 191 GPa and
193 GPa, for Armox 440T and Armox 370T respectively. The average strain-to-failure values
were 0.073% and 0.076% for the two steels respectively. Figure 5.7 shows picture of two tested
specimens.
Table 5.2: Specimen properties and the experimental results from the tensile tests.
Ballistic curves
The Theoretical Ballistic Limit (TBL) was estimated using the analytical model developed
by Recht & Ipson [77], presented below.
VR =
1
1 + mMP
√
(V 2I − V 2BL) (5.1)
Where VR is the residual velocity of the projectile, VI is the impact velocity, VBL is the
ballistic limit, m is the mass of the debris/plug driven from target after the impact (obtained by
measuring the mass of the panel before and after the impact), MP is the mass of the projectile
before the impact.
The experimental points along with the theoretical predictions of the ballistic limits are
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presented in the Figure 5.8. The model was manually fit to the experimental points by the
author.
Figure 5.6: Experimentally obtained engineering stress-strain curves for Armox 370T and Armox
440T specimens tested in tension.
Figure 5.7: Photo of two tested samples: top) Armox 370T; bottom) Armox 440T.
It was observed that while the theoretical ballistic limit was very similar for Armox 440T
for steel and copper projectiles. The theoretical ballistic limit of Armox 370T for impacts em-
ploying steel projectiles was approximately 100 m/s lower than the TBL for impacts employing
copper projectiles, and it was the lowest out of the four ballistic limits. The TBL of Armox
370T impacted with 20 mm copper FSPs, estimated to be 390 m/s, was the highest out of the
four types of tests. The TBL of Armox 440T was 325 m/s and 340 m/s for steel and copper
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Figure 5.8: Ballistic curve for Armox 370T and Armox 440T impacted with 20 mm steel FSPs.
FSPs, respectively. Noting that the Armox 440T was approx. 0.8 mm thicker than Armox 370T,
it might be presumed that if the latter had the same thickness as the former, it would have a
higher ballistic limit.
It was noticed that the analytical model did not match the experimental points very well
at high velocities. Recht & Ipson noted however that the proposed equation breaks down at
high impact velocities due to deformation of the projectile caused by extremely high pressures
generated at the impact point [77], i.e. the analytical model does not account for plastic defor-
mation of the projectile that usually occurs at high velocities. It was observed that both types
of projectiles deformed substantially during impacts. Copper FSPs fired at higher velocities
experienced far greater plastic deformation than the steel FSPs, which is shown in Figure 5.9.
Figure 5.9: Post-impact 20 mm projectiles from trials on Armox 440T, from the left: a) steel
FSP shot at 373 m/s; b) copper FSP shot at 328 m/s; c) steel FSP shot at 1016 m/s.
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The author did not manage to recover the copper FSP shot at 1 km/s, nevertheless, based
on the difference in deformation between the steel projectile and copper projectile fired at less
than 400 m/s (see Figure 5.9a, b), one can presume that the copper FSP fired at 1 km/s would
be more deformed (mushroomed) than the steel FSPs presented in Figure 5.9c. In general,
shape of the post-impact projectiles from trials on both types of steel appeared very similar in
comparable striking velocity ranges.
The flash at the front face
During the trials with Armox 440T it was observed that at higher velocities (450 m/s and
above) on projectile contact with the armour steel front face two flashes of light were created.
Careful analysis of the high speed videos showed that the direction of the flashes was the di-
rection of the chiselled surfaces. This was true for all impact cases in this study in which it
was possible to observe the flashes. Figure 5.10 shows a series of consecutive snapshots from
one of the shoots. The snapshots show entire panel mounted in the rig. The authors pointed
out the direction of the chiselled surfaces in the first two steps. The steps a) to c) show that
the projectile spins along its axis clockwise due to the presence of thread in the gun barrel.
The flashes occurred also during trials on Armox 370T, however their presence was observed at
velocities higher than 800 m/s and 550 m/s for the steel and copper FSPs, respectively. This
difference in velocity above which the flashes occurs with respect to the projectile type was not
particularly pronounced in the Armox 440T trials, due to the fact that only eight shots were
made in these trials, compared with 13 shots made during the Armox 370T trials.
The fact that the flashes occurred only at higher velocities may indicate that at lower ve-
locities the applied pressure was not sufficient to locally rise the temperature of the two bodies
to a level at which they are luminous. Figure 5.11 presents pressure and temperature rise due
to shock loading as a function of striking velocity. The two arrows indicate to which axis each
data corresponds. The employed equation of state for the steels was Us = 4.57+1.49up, whereas
Gru¨neisen Gamma used in the temperature calculations was 2.17. Following Hazel et al. [98], the
temperature during shock loading was approximated by calculating temperature along adiabat
(Ta) using the following equation:
Ta = T1exp[Γ− Γ( v
v0
)] (5.2)
The derivation of the equation is presented in Appendix F. The pressure in the material was
calculated as follows:
p = ρUsup (5.3)
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where Γ is Gruneisen gamma, T1 is the initial temperature of the sample (300K), V0 is the
specific volume at ambient conditions, ρ is the mass density of the material, Us is the shock
velocity, and up is the particle velocity (i.e. the striking velocity).
Figure 5.10: Snapshots from a high speed video showing front face of the Armox 440T steel
impacted by 20mm steel FSP at 714 m/s.
Figure 5.11 shows that the shock itself did not raise the temperature of the target substantially
- up to 160oC, whereas the Armox steels have melting temperature of 1800oC. However, the
applied pressures were very high, up to 45 GPa, which is much higher than the Ultimate Tensile
Strength of the materials. Most likely the elevated pressure at the projectile-target interface
heated up the interface (and all debris and oils on it) to a white hot state. High speed videos
from the side camera show that even after penetration when the projectile was still in contact
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Figure 5.11: The pressure and temperature rise due to shock loading in Armox steels.
with the plug, the contact surface between the two was still luminous. The phenomenon is
shown in Figure 5.12. As the plug starts to detach from the projectile the light dies out and
some sparks fly off from this region (see Figure 5.12g). This was observed for both types of steel,
and it was more pronounced in trials employing steel projectiles. The observed flashes could
be a solid to plasma transition due to the applied pressures, however additional work should be
done to identify the exact nature of the observed phenomenon.
Copper projectiles tended to mushroom much more than steel projectiles, hence a larger
part of the kinetic energy must have been dissipated by the projectiles’ plastic deformation,
compared to the steel projectiles. The possibility of attributing this light to the lighting setup
around the rig was ruled out as no light reflects from the plug and the projectile during and
after the penetration thorough all high speed video, and it was also impossible for the lights
illuminating the front face of the panel to create such reflection as the projectile effectively
capped the impact hole during penetration. Moreover, all lighting sources were approximately
1m away from the panel, making it even harder to believe that such localized illumination would
be possible.
Damage
It was observed that the panel damage characteristics changed with striking velocity.
Figure 5.13 shows a number of impacted panels divided into three velocity ranges (columns):
low (<500 m/s), medium (500-800 m/s), and high (>800 m/s). The abbreviations ”St FSP” and
”Cu FSP” denote the projectile material type used for all panels in a given row (St- steel, Cu -
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copper). It was observed that at low velocities the steel panels had enough time to deform more
Figure 5.12: Snapshots from a high speed video showing front face of the Armox 440T steel
impacted by 20mm steel FSP at 714 m/s (frames every 12 µs).
“globally” (2-3 diameters of the projectile), while as the striking velocity rose the deformation
became more localized. Deformation in both types of steel looked similar in trials in which
the projectiles were held by the panels. In general, plugging was the most commonly observed
type of failure in both types of steel panels (see Figure 5.12). In trials involving low striking
velocities plugging was the main failure mode for Armox 440T steel, while in Armox 370T in
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addition to the plug creation petalling was present. Figure 5.13 g) and j) show the failure region
of the steel panels subjected to impacts of steel and copper projectiles respectively, impacted at
velocities slightly higher than the ballistic limit for each panel type (see Figure 5.8). The former
had two symmetric cracks while the latter four. At striking velocity range of 500-550 m/s,
employing copper FSPs, the extent of indentation in both types of steel were similar. Similarly
to the lower velocity shots, the Armox 370T panel had a number of cracks propagating from
the impact point, however, the length of the cracks was much shorter than the length of the
cracks observed in panels impacted at lower velocities. No cracks were observed in Armox 370T
panels impacted at velocities higher than 795 m/s with copper FSPs. A very small single crack
was observed at the impact point in Armox 370T panels impacted with steel FSPs at 523 m/s
and 656 m/s. No cracks were observed in Armox 370T panels impacted at higher velocities
Figure 5.13: Photos of post-impact Armox 370T and Armox 440T panels impacted at various
velocities.
with steel FSPs. It appears that the indentation in an Armox 440T panel impacted at 714 m/s
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(see Figure 5.13b) was smaller than indentation in Armox 370T panel impacted at 656 m/s (see
Figure 5.13h). At velocities higher than 800 m/s, the impacted region appeared almost identical
for both steels and projectile types. Almost no indentation was present, plugging failure was
dominant. Spalling was not observed in any of the tested panels.
In order to estimate how much energy went into the plug creation, the amount of work due
to shear (plug creation) was calculated assuming that the Tresca yield criterion was valid during
the failure. The shear area was calculated assuming 21 mm diameter average penetration hole
size and the average panel thickness (specified at the beginning of this section). The following
equations were used for the calculations:
F = σTrescapiDt (5.4)
Wshear = Ft (5.5)
where, σ denotes shear strength of the panel, D is the FSP diameter, t is the thickness of the
panel, Wshear denotes the work due to shear, while m denotes the projectile mass.
Prior to the calculations, it was identified that the impacted targets were in equilibrium.
The latter was defined as the time required for the material sound wave to travel the thickness
of the panel five times (five reverberations). Simple calculations prove (not shown in here) that
apart from the two experiments involving striking velocities higher than 1 km/s, all tested panels
were in the state of the dynamic equilibrium. Table 5.3 presents the calculation results from
the above equations, while Figure 5.14 shows graphically the inital kinetic energy, the residual
kinetic energy, the work (energy) due to shear, and a sum of all other types of energy, which
was calculated as a difference between the initial kinetic energy and the aforementioned two
energies. Firings for both copper and steel projectiles are shown in each chart.
Table 5.3: Information required for calculations of the work due to shear and the kinetic energies
of the projectiles.
The charts show that the work due to shear accounted for a maximum of 29% of the total
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initial kinetic energy delivered to Armox 440T, and for 14% in the Armox 370T case. These
values were obtained from firings made close to the theoretical ballistic limit. Although the
work due to shear was constant for all firings (but overall higher for Armox 440T than Armox
370T, as the consequence of higher thickness of the former), its contribution to the overall
amount of initial kinetic energy delivered to the tested panels impacted at higher velocities
decreased, as a consequence of the increase of the striking velocity. At 1 km/s striking velocity
the energy converted to the plug creation accounted for less than 3% of the initial kinetic
energy, for both steels. The residual kinetic energy accounted for up to 30% of the overall
amount of energy delivered to the panels impacted between the TBL and 450 m/s, while at
higher striking velocities, the residual kinetic energy accounted for up to 90% of the overall
amount of energy. The other forms of energy that accounted for the remaining part of the total
Figure 5.14: The distribution of the energies during impacts as a percentage of the initial
projectile kinetic energy: a) Armox 440T; b) Armox 370T.
amount of energy delivered to the panels were: elastic energy of the panel, energy required for
permanent plastic deformation of the panels (at lower and medium velocities), energy that went
to the flash generation, generation of heat due to pressure, plastic deformation of the projectile,
and acoustic energy. These other types of energies accounted for 100% of the inital kinetic
energy for firings below the TBL, while the value dropped to 50-60% for firings made just above
the TBL with steel FSPs and to about 30% for firings involving copper FSPs. At higher striking
velocities contribution of these energy dissipating mechanisms accounted for about 20% of the
initial striking energy. The author calculated also the energy required for creation of the cracks
observed in two Armox 370T cases described earlier, but values were very low (<80 J) and
therefore they were not included in the above charts.
In summary, Figure 5.15 shows that the tested steels provided effective ballistic resistance
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up to approximately 500 m/s striking velocity. At these velocities the reduction in projectile
velocity ranged from 40-100%, where 100% means no penetration. The velocity reduction was
a result of the presence of various types of energy dissipation mechanisms (deformation, failure,
thermal effects etc.) that accounted for a substantial part of the overall projectile kinetic energy
that was delivered to the panel. Above striking velocity of 500 m/s the reduction of projectile
velocity dropped to 20% or less. At these impact velocities the shear failure was the only type of
failure experienced by the panels and it accounted for only a small fraction of the overall amount
of projectile kinetic energy, while all other previously mentioned energy dissipating mechanisms
accounted for up to 20% of the initial kinetic energy.
Figure 5.15: Reduction of velocity as a function of striking velocity.
In two of Armox 440T panels it was witnessed that the projectile made a hole substantially
larger (non-circular) than its diameter (Figure 5.13a, e). Careful analysis of the high speed
videos did not show any abnormal behaviour of the projectile during these impacts, and no
particular trend with respect to this phenomenon was observed. The striking velocity in the
former case was just above the predicted TBL, but the velocity in the latter case was far higher
than the TBL. Possibly some of the panels might have had manufacturing defects and failed due
to the applied loading in the adjacent region.
During some of the trials fragments of material flown away from the impact side in a charac-
teristic radial fashion, as shown in Figure 5.10 d)-f). In experiments employing copper projectiles
struck at medium or at high velocities the projectiles mushroomed and part of the mushroom
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sheared off during penetration through the steel. Reduced mass of post impact copper projec-
tiles and presence of residual copper in the impact region (see Figure 5.13e, f, k, l) seem to
confirm this statement. However, it terms of the experiments employing steel projectiles it is
hard to determine where the observed fragments come from (the specimen, the projectile, or
perhaps from both), as both the mass of the panel and the projectile reduced after impact (see
Table 5.4), while no artefacts observable and distinguishable by a naked eye were present at the
impact region.
Table 5.4: Averaged after-impact loss of weight for the armour steels and the projectiles.
Figure 5.16 shows a snapshot from the DIC analysis for one of the Armox 370T panels,
whereas Figure 5.17 shows displacement histories of points close to the impact point (not the
actual impact point i.e. not the peak panel displacement) for six different experiments with steel
and copper FSPs, obtained from two frames only. Due to destructive nature of the experiments
the possibility of obtaining extensive amount of information precisely from the impact point
was limited. Typically on impact, within two or three recorded frames the speckle pattern was
Figure 5.16: Displacement field from the
DIC analysis for Armox 370T panel im-
pacted with 20 mm steel FSP at 371 m/s
(just before penetration).
Figure 5.17: Time-displacement history for one
point located in the centre of the panel, obtained
from DIC analysis of Armox 370T.
completely destroyed and the projectile penetrated the panel. Moreover, in some cases, the
resultant flying off debris obscured the impact area even more. Also, due to the nature of the
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DIC analysis and the experiment, it was impossible to select exactly the very same point and
compare it for different experiments (e.g. different striking velocities). Therefore, taking also
into consideration relatively small and localized deformations of the discussed steel panels, the
presented data is suitable only for validation of finite element simulation of the actual trials, but
it is not suitable for direct comparison between the panels.
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5.6 Polycarbonate, Polypropylene, and Ultra High Molecular
Weight Polyethylene
The three materials presented in this section are amorphous polymers which can be either
used as a matrix system for a composite material or as a layer in an armour grade, hybrid
laminate (as shown in Chapter 6.2). Molecular chains of polymers can become highly aligned, if
a suitable manufacturing process is applied. While the three materials described in this section
have non-aligned polymer chains, Tegris which is described in the following section, is a semi-
aligned polypropylene tape, whereas Dyneema and Spectra, described in the subsequent section,
are both highly aligned polyethylene yarns.
Figure 5.18: The chemical structure of: a) UHMWPE; b) PP; c) PC.
5.6.1 Materials and Experimental setup
The materials presented in this section were Tecafine PE [99], Tecafine PP [100], and a
Polycarbonate. The UHMWPE panels were purchased as a 40 mm thick block (areal density 38
kg/m2), the polypropylene panels were 25 mm thick (areal density 22.75 kg/m2), whereas each
of the polycarbonate panels consisted of two 11 mm panels that were stacked together without
any type of bonding, making a 22 mm thick panel. The total areal density of the PC panels
was 26.4 kg/m2. Both UHMWPE and PP panels were 250 x 250 mm, whereas the PC panels
were 300 x 300 mm. Four UHMWPE, six PP, and six PC panels were tested. The average
weight of pristine UHMWPE, PP, and PC panels was 2.312 ± 0.014 kg, 1.480 ± 0.007 kg, and
2.414 ± 0.010 kg, respectively. The UHMWPE and PP panels were impacted with the 20 mm
copper FSPs, whereas the PC panels were impacted with the 20 mm steel FSPs. Appendix E
contains information regarding the high speed cameras setup.
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5.6.2 Results and discussion
The ballistic performance of the three materials is summarized in Figure 5.19. The Theo-
retical Ballistic Limit of Polycarbonate was estimated using the analytical model developed by
Recht & Ipson [77], however this model did not fit very well the PP and UHMWPE experimen-
tal points and thus a linear fit was used for these two materials. The TBL of Polycarbonate
was estimated 300 m/s, whereas PP and UHMWPE had their TBL approximately 110 m/s
(assuming linear extrapolation from the experimental points). It is possible that the latter two
Figure 5.19: The ballistic curves (top) and the striking velocity reduction (bottom) charts for
PC, PP, and UHMWPE.
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materials would behave slightly different around their ballistic limits and therefore the ballistic
curves would be actually curved around this region. This would probably give the theoretical
ballistic limit of the materials of approximately 150-200 m/s. More experiments should be done
to clarify this uncertainty.
It was observed that, although PC had higher TBL than the other two materials, its perfor-
mance was inferior to PP and UHMWPE when impacted at ∼480 m/s or higher. The striking
velocity reduction chart shows that as the striking velocity increased the reduction of the velocity
decreased to the level of 10%, at about 700-750 m/s striking velocity, for PP and UHMWPE. No
further velocity reduction was observed at higher striking velocities. The polypropylene panels
weighed on average 11 grams less after the trials, polycarbonate panels 4 grams less, whereas
UHMWPE panels 29 grams less.
The front face deformation
Figure 5.20 presents snapshots from the front face high speed camera for three polypropy-
lene impact cases (low, medium, and high striking velocity). In general, for all PP panels, the
deformation at the front face was very localized (maximum radius of two projectile diameters),
however the internal damage and back face deformation was more substantial - which is dis-
cussed later in this section.
It was observed that the front face deformation characteristics of the material changed with
increase of the striking velocity. In all cases, on the very first contact between the projectile
and the panel, a flash was present, as shown in the second row images in Figure 5.20. The
origin of the flash was discussed in section 5.5, hence no further discussion is made in here. At
firings made at low velocities (< 400 m/s) while the projectile was penetrating the panel, the
material was pushed aside that created two small “hills” as shown in Figure 5.20a at 320 µs.
The location of the two “hills” is most likely related to the position of the chiselled nose of the
FSP. It was observed that as the striking velocity increased to 500-600 m/s some part of the
material was ejected out of the panel plane, as shown in Figure 5.20b at 80 µs, but it did not
detach from the panel. As the projectile left the panel, the ejected “flaps” went inside the hole,
resulting in the damage characteristics very similar to the one observed in PP impacted at low
velocities. The impact region of polypropylene impacted at higher velocities behaved even more
fluidic (see Figure 5.20c). It was observed that at ∼1 km/s striking velocity the flash existed for
a longer period of time than in the lower impact velocity cases, and the fluid ejecta was much
larger than in the 545 m/s impact case. Some part of the ejecta detached and flew towards the
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high speed camera, but the ejected bits behaved during the flight as solid objects, not as a liquid
(not shown in here); while the major part of the liquid material shown in Figure 5.20c at 208
Figure 5.20: The snapshots from the high speed videos of the PP front face: a) 310 m/s; b) 545
m/s; c) 999 m/s.
µs went back inside the penetration hole. It appeared as if the part of PP which had exhibited
the liquid behaviour turned back to the solid state very quickly.
These experimental observations agree with the theoretical predictions of rise in pressure
and temperature in the PP due to shock loading, generated by the projectile. Figure 5.21
presents how the temperature and pressure change in PP, PC, and UHMWPE with increase
of the striking velocity. Additionally, Figure 5.21a includes melting temperature levels, Tm, for
the three materials. Following Hazel et al. [98], the temperature during shock loading was
approximated by calculating temperature along the adiabat (Ta) using the following equation:
Ta = T1exp[Γ− Γ( v
v0
)] (5.6)
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Figure 5.21: a) Temperature rise along the adiabat for PP, UHMWPE, and PC; b) Pressure rise
due to shock in PP, UHMWPE, and PC.
The derivation of the equation is presented in Appendix F. The pressure in the material was
calculated as follows:
p = ρUsup (5.7)
where Γ is Gruneisen gamma, T1 is the initial temperature of the sample (300
oK), V0 is the
specific volume at ambient conditions, ρ is the mass density of the material, Us is the shock
velocity, and up is the particle velocity (i.e. the striking velocity). Table 5.5 shows the Equation
of State constants that were used for the chart.
Table 5.5: Equation of State data for the three polymers.
PP PC UHMWPE
Ref Ref Ref
Equation Us = 1.70up + 1.26 [101] Us = 1.24up + 2.74 [101] Us = 1.79up + 1.25 [101]
Gruneisen Γ 0.96 [102] 0.3 [103] 0.95 [104]
Figure 5.21 shows that at low striking velocity shots (< 300 m/s) PP experienced pressures of
about 500 MPa and temperature rise to about 80oC. At these loading conditions PP would soften
and probably would experience plastic deformation - which was observed in the experiment.
At the striking velocity regime of 300-700 m/s, PP experienced pressures up to 2 GPa and
temperature rise of up to 120oC. Having in mind that the Ultimate Tensile Strength of PP is
less than 25 MPa [105] while its melting temperature is 165oC [100], the applied pressures must
have forced the material to act in a hydrodynamic manner. The firings made at even higher
velocities, 700-1200 m/s, resulted in pressures up to 4 GPa and temperature rise to 150oC. At
this point the temperature rise was sufficient to melt the materials almost completely, while the
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pressures were three orders of magnitude greater than the strength of the materials, therefore,
most likely, the material behaviour was completely governed by its hydrodynamic response.
The front face deformation of the UHMWPE and PC panels were also very localized. The
hole left in the front face of the materials was approximately the size of the projectile. Figure
5.22 and Figure 5.23 shows front faces of two example panels. The deformed projectile’s skirt
due to the gun barrel thread left the signature in the impact point in both materials which can
be observed in the figures. The front face deformation of the PC panels was almost identical
throughout the investigated striking velocity range. Small ”hills” in the direction of the projectile
chiselled nose and the flash were observed in all experiments with this material. The deformation
of UHWMPE was very similar to deformation of PP when impacted at low velocities, however,
at high striking velocities (> 600 m/s) the deformation characteristics differed substantially.
On impact, a flash was present which was followed by ejection of solid bits, and then by an
increase of the diameter of the hole made by the projectile (at that point the projectile almost
completely penetrated the panel) i.e. a conical cavity, of approximately twice the size of the
projectile diameter, was formed for a short period of time. After the penetration, the cavity
reduced its size to the projectile diameter hole. Figure 5.24 shows the process of the cavity
closure. It was impossible to capture the creation of the cavity as the flash obscured the impact
point.
Figure 5.22: The impact point at the front
face of the PC panel impacted at 404 m/s.
Figure 5.23: The impact point at the front
face of the UHMWPE panel impacted at
234 m/s.
The Equation of State of UHMWPE is similar to the one of PP, while its Ultimate Ten-
sile Strength is almost twice as high, ∼ 50 MPa [106]. The UHMWPE experienced slightly
higher pressures due to shock loading but slightly lower temperature rise than PP. However,
the UHMWPE melting point is 130oC, which is 35oC lower then the PP one. The UHMWPE
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Figure 5.24: The closure of the impact cavity in a UHMWPE panel impacted at 1038 m/s.
EoS indicate that the material liquefied at striking velocities higher than 800 m/s. On the other
hand, polycarbonate experienced higher pressures than the other two materials, up to 6 GPa,
however, the temperature rise was moderate, up to 60oC at 1.2 km/s striking velocity.
The back face deformation
The deformation at the back face of the Polypropylene panels was largely influenced by
the striking velocity. Figure 5.25 shows snapshots from the high speed videos for four PP panels.
It was observed that regardless of the striking velocity, within 32-64 µs after the first projectile-
panel contact, a bulge (a bubble) grown at the back face of the panel. Further deformation
characteristics in the material were striking velocity dependent. When a PP panel was impacted
at 310 m/s a bubble was formed. Subsequently, a crack initiated near the top of the bubble and
propagated towards the bottom of the panel (Figure 5.25a at 128 µs). Once the crack reached
approximately the tip of the bubble, a secondary crack grew at a right angle, on both sides of
the first crack, resulting in the failure shown in Figure 5.25a at 192 µs. Possibly the location
of the first crack could have been related to the location of the sharp edge in the projectile; or
it was simply a result of a manufacturing flaw in the material. When the sides of the bubble
were being torn by the two cracks, a third circular crack initiated around the bubble but it did
not encircle the region entirely. At the final stages of penetration, the projectile left the panel
with a small plug in front of it (a triangular prism), and the sides of the bubble went back into
their initial plane, as shown on the very bottom row of Figure 5.25a (denoted as Post mortem).
When the polypropylene panel was impacted at 545 m/s or higher, the initially formed bubble
was distorted into a more conical shape (second row of the Figure 5.25b, c, and d). In the 545
m/s impact case, during this distortion period multiple failure regions were formed around the
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impact point (see Figure 5.25b at 112 µs). The creation of the regions, however, was not as
smooth as the crack propagation in the 310 m/s impact case, but more like a sudden tearing of
the material at various locations.
Figure 5.25: The snapshots from the high speed videos of the PP rear face: a) 310 m/s; b) 545
m/s; c) 752 m/s; d) 999 m/s.
Further projectile penetration caused formation of the circular crack around the impact region
and further growth of the torn parts on the bubble sides (see Figure 5.25b at 144 µs). Similarly
to the 310 m/s impact case, the projectile left the panel with a triangular prism plug. This
was followed by growth of the circular crack which resulted in a partial detaching of the impact
region at the back face (see Figure 5.25b Post mortem). It was identified that the sides of this
partially detached part were inclined towards the axis of the projectile flying path (i.e. the failure
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perceived at the back face as the circular crack, was a three dimensional cone-like failure).
Figure 5.26 shows snapshots from the residual velocity camera for the four shots, at the
instance of time presented in the fourth row of Figure 5.25. The inside distance between the
two poles at the top of each image was 10 cm. The images a) and b) show that although a
similar plug was created by the projectile, the impact cone (i.e. the distorted bubble) was larger
for the higher velocity shot. It was observed that when PP was impacted at 752 m/s, after the
Figure 5.26: The PP snapshots from the residual velocity high speed camera: a) 310 m/s, at
336 µs; b) 545 m/s, at 240 µs; c) 752 m/s, at 176 µs; d) 999 m/s, at 192 µs.
discussed distortion of the bubble, only a circular crack at the base of the bubble began to form,
as shown in Figure 5.25c at 96 µs. As the projectile continued penetrating the material, the
circular crack became a helix crack, tearing off further the back surface of the panel. Finally,
the projectile penetrated even the plug it formed, while the latter completely detached from
the panel, leaving a crater as shown in Figure 5.25c Post mortem. On further striking velocity
increase (the 999 m/s shot), it was noted that multiple failure due to tearing formed around
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the distorted bubble and a helical crack at the base of the bubble began to appear (see Figure
5.25d at 128 µs). This was followed by the damage growth and creation of a secondary, larger
diameter circular crack in the panel back surface. Similarly to the 752 m/s firing, at the last
stages of the penetration the projectile penetrated the plug it created and the latter detached
from the panel, leaving, however, a larger crater than the one observed in the 752 m/s firing.
Figure 5.26 c) and d) presents the extent of damage in the two PP cases.
Figure 5.26 shows that as the striking velocity increased, the failure mode changed from the
plastic deformation and plugging observed at low striking velocities, to a more hydrodynamic
deformation exhibited by PP at very high impact velocities. It was observed that the material
appeared to be more unconstrained at firings made at higher striking velocities, which resulted
in the observed higher lateral deformations. It is worth noting also that the amount of mass
lost by the panels due to impact increased from 1 gram at 310 m/s to 24 grams at 1185 m/s.
The failure mode observed at the back face of Polycarbonate panels was very similar for
each shot. As shown in Figure 5.27a, once the projectile started penetrating the rear layer of
the panel (recall that each PC “panel” consisted of two thinner panels) a bubble was formed at
the rear surface. At the same time, the entire rear layer experienced global bending due to the
projectile load, which can be observed by looking at the light glare on the right to the impact
point in Figure 5.27a. Mind that the glare in the first image (t=0 µs) is not the reflection of
light but the flash on the front surface of the panel. Further penetration resulted in multiple
cracks being formed at the bubble and gradual failure, as shown in Figure 5.27a at 288 µs. In
each shot the projectile left the panel with a plug, while the rear panel snapped back towards
the front panel. Polycarbonate panels lost on average 4 grams due to the impact. The back
face deformation of the UHMWPE panels changed with increase of the striking velocity. Figure
5.27 b) and c) shows two example cases - one impacted at low velocity and one impacted at
high velocity. The first snapshots, denoted as t=0 µs, show that although the panels were not
transparent it was possible to observe the front face flash at the back face surface - the lighter,
circular spots on the panels are the flash which soon after diminished. It was observed that
although in both cases initially a similar bubble was created (see t=207 µs in b) and t=32 µs
in c) in Figure 5.27), during the low velocity penetration at a certain point of time multiple
cracks appeared on the bubble surface (unfortunately low frame rate of the camera used for
this particular trials did not allow to observe the process in greater detail). The cracks created
multiple “flaps” which were then pushed aside by the penetrating projectile. The projectile
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Figure 5.27: The snapshots from the rear high speed cameras of: a) PC impacted at 314 m/s;
b) PE impacted at 234 m/s; c) PE impacted at 1038 m/s.
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left the panel with a large plug. In the 1038 m/s impact case, however, the bubble suddenly
“powdered” and the grains were pushed away in all direction by the projectile. The process is
shown in the bottom two frames in Figure 5.27c). No plug was created.
The UHMWPE panels lost on average 29 grams due to the impact, and the mass lost rose
from 24 grams for the shot at 314 m/s to 32 grams when impacted at 1038 m/s. The three Post
mortem images in Figure 5.27 show also that the steel FSPs impacting the PC panels did not
deform at all during the impact, similarly to the copper FSPs that impacted UHMWPE at low
velocities. However, the copper FSPs deformed when fired at higher velocities.
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5.7 Tegris
TegrisR© is a fabric made of polypropylene tape yarn with a highly drawn core within a lower
melt polymer matrix for composite processing [107]. The material consists of thin polypropylene
tapes woven into a plain or twill weave.
5.7.1 Materials and Experimental setup
TegrisR© panels were 30 mm thick and consisted of two 15 mm thick panels adhesively bonded
together. The TegrisR© investigated in this study had a plain weave. The outside surfaces of the
panels had a cover ply made of a fabric in order to increase adhesion to other materials. The
utilized spray adhesive provided a bond sufficient enough to keep the panels together, while weak
enough to debond them after the impact for visual observation. Some of the panels debonded
during the impact. Figure 5.28 shows an example panel that captured the projectile and was
split after the impact. Notice the gray covering layer on the surfaces of the panel. In total,
six TegrisR© panels were impacted with 20 mm copper FSPs. On average each panel weighed
2.031 ± 0.018 kg. The experiments were recorded by four high speed cameras which were used
as the front face camera, residual velocity camera, and the remaining two were set up as the 3D
DIC measuring the back face deformation. Appendix E provides details regarding the cameras
setup.
Figure 5.28: Tegris panel impacted at 272 m/s that was split after the experiment.
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5.7.2 Results and discussion
Figure 5.29 presents the ballistic performance of the material. The Theoretical Ballistic Limit
was estimated using the analytical model developed by Recht & Ipson [77] and is 350 m/s. The
TBL is approximately 250 m/s higher than the TBL of amorphous polypropylene that was
discussed in the previous section. Although amorphous polypropylene and Tegris are chemically
Figure 5.29: The ballistic curve of Tegris.
very similar, the higher tensile strength of the latter (25 MPa versus 600 MPa, respectively),
which comes from having aligned polymer chains in Tegris tows, resulted in the better ballistic
properties of the material.
The experimental points show that at higher striking velocities (> 600m/s) the relationship
between the striking velocity and the residual velocity was almost linear.
The front face deformation
The high speed videos from the front face camera showed that almost all impacts looked
the same. On the initial projectile-panel contact, no flash was present and the projectile begun
to penetrate the panel. The lack of flash must have been caused by the presence of the cover
layer (the flash was observed in Tegris hybrids described in Chapter 6.2). During the process,
a part of the covering layer was ejected in the direction of the projectile chiselled surfaces. It
appears that the projectile created a circular bending wave on the front face, travelling away
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from the impact point. Nevertheless, the presence of the covering layer partially obscured the
effect, which was only observed as a darker circle expanding towards the edges of the panel (but
never actually reached them). Although the phenomenon was not well observed in these trials,
it was captured during the trials with hybrid laminates (Figure 6.13), described in Chapter 6.2.
Figure 5.30 presents high speed video snapshots showing the described processes.
Figure 5.30: The high speed video snapshots of Tegris panel impacted at 462 m/s.
Due to the fact that Tegris manufacturer does not specify its melting temperature explicitly, it
is presumed that it must be similar to the melting temperature of the amorphous PP, described
in the previous chapter, i.e Tm = 165
oC. The author did not manage to find a Tegris equation of
state, but it is presumed that at sufficiently high pressures Tegris would behave as an amorphous
polypropylene. This assumption is based on the fact that Tegris is a polypropylene tape and
the density of both materials is the same. Figure 5.21 shows that at the 800-1200 m/s striking
velocity range (2-4 GPa shock pressure range), polypropylene experienced rise of temperature
to about 150oC, at which point it nearly reached its melting temperature. Possibly, Tegris
experienced a similar level of temperature rise.
The back face deformation
The 3D HS DIC setup allowed to extract information regarding the panels’ back face
displacement characteristics and the strain field on the surface of the panels. Figure 5.31 shows
the out of plane displacement histories for the impact point at the back face of each panel. It was
observed that the maximum out of plane displacement experienced by one of the TegrisR© panels
was about 38 mm (the 342 m/s shot). As the striking velocity increased the maximum achieved
by the panels out of plane displacement decreased - only 15 mm prior to the penetration for the
780 m/s firing. Figure 5.32 presents the out of plane displacement histories for the horizontal
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Figure 5.31: The out-of-plane displacement of the impact point projection on the back face of
Tegris panels, obtained from the 3D DIC.
section at the centre of the back face of each tested panel. The section placement is shown in
Figure 5.33 that presents three digital meshes obtained from the 3D DIC (the angular section
was used for plotting shear, described in the following paragraph). Only selected time frames
are presented in Figure 5.32, while their values (in microseconds) are placed next to each curve.
Each panel is identified by the striking velocity provided at the top left corner of each chart.
The blue colour was used to highlight the behaviour of the section after the maximum out of
plane displacement or after the penetration (that is why some of the lines are broken in the
middle) i.e. the relaxation of the panel.
The measurements allowed to observe that the back face deformation of TegrisR© had always
a square-based pyramid shape at the initial stages of deformation and prior to penetration,
irrespective of the striking velocity. The shape of the deformation is most likely related to
the architecture of the composite (the plain weave fabric). For both experiments in which the
projectile was captured by TegrisR© (272 m/s and 342 m/s), the impact pyramid grew until its
sides reached the edges of the impact rig which hampered further out of plane displacement of
the pyramid tip. Further out of plane displacement was observed at the areas remote to the
impact point, especially at the areas lying at the diagonals of the panel, which is shown in Figure
5.34.
The isolines were added to highlight the shape of the deformations. It is noted that during
the relaxation phase (t=1848 µs in Figure 5.34) the deformation had a non uniform shape,
however at the very last stages (not shown in here) the deformation was very much alike the
square-based pyramid observed at 456 µs in Figure 5.34. This can be observed also in Figure
5.32 for the 272 m/s and 342 m/s cases on the curves at 1824 µs and 1944 µs, respectively.
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Figure 5.32: The out of plane displacement of the horizontal section at the back face of Tegris
panels, obtained from the 3D DIC.
Due to the fact that the panels deformation reached the edges of the rig, the material response
might have been affected by the edge effects. The peak out of plane displacement of TegrisR©
panel impacted at 366 m/s (the velocity just above the predicted ballistic limit) was about 5
mm lower (32 mm) than the peak displacement for the TegrisR© panel impacted at 342 m/s. Up
to the point of complete penetration of the 366 m/s panel, its deformation was very similar to
the deformation observed in the 342 m/s cases. Once penetrated by the projectile, the areas
around the impact point collapsed inwards, which was followed by a global retraction of the panel
surface, as shown in Figure 5.32 Vs= 366 m/s. A similar type of deformation characteristics were
observed for the 462 m/s case, with the exception of duration of the event (the time to complete
penetration) which was much shorter. Due to the destructive nature of the event the quality
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Figure 5.33: The digital meshes obtained from the 3D DIC showing shear strain distribution in
three Tegris panels: a) Vs = 272 m/s; b) Vs = 366 m/s; c) Vs = 780 m/s;.
of the DIC measurements for the 601 m/s and 780 m/s firings was worse (after the penetration
there was less mesh on the surface) compared to the previously discussed cases. As a result,
the after penetration measurements presented in Figure 5.32 are ”patchy”. The comparison of
the extent of damage observed at the back face of TegrisR© panels is presented in Figure 5.35.
The increase of striking velocity resulted in increase of the damage size at the back face of the
panels. The snapshots show also that the amount of debris was higher for the 780 m/s case
than for the other two cases. In the 780 m/s impact case TegrisR© panel lost 7 grams, while in
all other cases the panels lost on average less than 2 grams.
Figure 5.34: The back face out of plane deformation signature of Tegris panel impacted at 342
m/s, obtained from the 3D HS DIC.
The comparison of the six charts presented in Figure 5.32 shows that as the striking velocity
increased the maximum out of plane displacement before the penetration (or relaxation - for the
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Figure 5.35: The comparison of the extent of damage at the back face of three Tegris panels,
after the penetration: a) Vs= 366 m/s; b) Vs= 601 m/s; c) Vs= 780 m/s.
panels that were not penetrated) decreased and the deformation became more local. While the
deformation before the penetration extended up to the rig edges for the lower velocity shots,
it was enclosed within less than a 40 mm radius around the impact point for the two shots at
high velocity. In general, the observed deformation always reached the edges of the rig, in some
cases, however, this occurred long after the projectile left the panel.
The true strain readings for the same section that was used in Figure 5.32, are presented in
Figure 5.36. Epsilon X denotes the true strain in the horizontal direction of the panel. Various
colours were used for the curves in order to make the chart more readable (in terms of plotting
strain, the development of the strain field is not as obvious as the growth of the out of plane
displacement that was described in the previous paragraph). Prior to describing the strain
distribution on the panels surface, it is emphasized that the strains were measured from the
panels back surface which, as it was stated at the beginning of this section, was a cover ply
not TegrisR©. While this cover ply may have had little influence on the measured displacement
field (as it was very thin), it is presumed that the TegrisR© plies lying beneath it may have
experienced lower strains than the ones recorded by the DIC. This conclusion comes from the
fact that although TegrisR© can sustain up to 9% strains (as it was shown is Chapter 3), most
likely the fabric that the panels were covered with can sustain much higher strain. Thus, even
if TegrisR© failed beneath the cover ply, the latter could potentially strain further (although for
not too long as the cover ply is not a high performance material).
Figure 5.36 shows that the maximum strain experienced by the panel impacted at 272 m/s
was less than 4%. The loading originated from the impact point and, as the time progressed,
it propagated towards the edges of the section. Once the projectile was captured, a residual
1% deformation remained on the surface of the panel. A very similar strain distribution was
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observed for the panel impacted at 342 m/s, but the maximum strain experienced by the material
was higher, ∼5%. Also, the residual strain had almost twice higher maximum value, but the
affected area was confined within a smaller area compared to the 272 m/s impact case.
Figure 5.36: The true strain in the horizontal direction for the center line section at the back
face of Tegris panels, measured by the 3D DIC.
The panel impacted at 366 m/s experienced approximately 8% strain at the impact point prior
to penetration. The straining was very localized, with the highest values recorded within the
the projectile diameter. The areas remote to the impact point (60 mm radius and higher)
experienced less than 1% strain throughout the event. Post failure residual deformation levelled
out at about 1%. Further increase in the peak strain value was observed as the striking velocity
increased. The panel impacted at 462 m/s experienced up to 9% strain, whereas the two panels
impacted at 601 m/s and 780 m/s experienced up to 23.5% and 20%, respectively. Although
the maximum recorded strains for the first four panels do not seem to be excessive, as the final
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failure strain values obtained from the static tensile tests on TegrisR© yarns showed up to 9%
strains (see Chapter 3), the last two values appear to be too high. This most likely indicates
that the strain measurements are showing the correct values for the object being measured - the
cover ply. It is unknown whether this finding undermines the validity of all strain measurements
or only the two high velocity impact cases.
It is believed, however, that although the absolute strain values might not be reflecting
the strain experienced by TegrisR©, the strain distribution is most likely as in the TegrisR© ply
underneath the cover ply.
The in-plane shear behaviour
The shear strain measurements were made using a measurement section lying at the di-
agonal of the panel, as shown in Figure 5.33. Figure 5.37 presents the shear strain readings for
the six TegrisR© panels. Epsilon XY on Y-axis of the charts denotes the shear strain, whereas
the section length is plotted on the X-axis. The ”0” value on the X-axis indicates the impact
point.
As expected, no shear strains (or very low values) were observed at the impact point. The
first two charts that present firings in which the projectile was captured by TegrisR© shows that
the area which experienced the largest amount of shear deformation was located approximately
between 30 and 60 mm away from the impact point. The highest measured shear strain values
were in the region of 3% in both cases. It was observed that the shear deformation reached the
edges of the testing rig, but the values in these remote regions were lower - less than 2%. A
residual shear deformation of less than 1% remained in the panels after the impact. The increase
of the striking velocity resulted in increase of the peak shear strain values and in change of the
distribution of the shear deformation. In the 366 m/s firing, the maximum shear strain reached
4% that was observed in the area between 25 to 55 mm away from the impact point, whereas in
the 462 m/s case the peak value reached almost 7%. These very high shear deformations were
observed, however, in the area ranging from 25 to 45 mm away from the impact point. The
narrowing of the band with the highest shear deformation along with the increase of the peak
shear strain values was further observed in the 601 m/s and 780 m/s firings. In both cases the
highest shear deformations were observed between 25 and 40 mm away from the impact point,
while the peak strain value reached 8% (the 780 m/s impact case). This phenomenon is well
depicted in Figure 5.33 that presents the shear strain distribution on the back surface of three
digital meshes of TegrisR© panels. Figure 5.37 shows also that the amount of shear deformation
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Figure 5.37: The shear strain histories measured at the diagonal section at the back face, from
the 3D DIC of Tegris panels.
observed at the areas further away from the impact point rose with the increase of striking veloc-
ity, for the firings between 272 m/s and 600 m/s. Only very low shear strains were observed in
the remote areas for the 780 m/s case, which is most likely the result of inability of the material
to react fast enough to impacts at such high striking velocities. This is probably related to low
sonic velocity of TegrisR© yarns, further deteriorated by the architecture of the composite. The
residual shear deformation of about 1% was measured in all panels.
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5.8 Dyneema HB26 and Spectra 3124
This section presents results of ballistic testing of DyneemaR© HB26 and SpectraR© 3124. The
highly instrumented experimental setup was used to obtain quantitative information regarding
deformation and strain distributions on both the front and rear faces of the panel during the
impact event. The high quality impact data provided an insight into understanding the physical
phenomena taking place in these two high performance composite materials during projectile
penetration, and thus helped to identify to what extent the ballistic properties of the panels are
actually dependant on the properties of the expensive high performance fibres.
5.8.1 Materials specification
The following materials were tested in this study: DyneemaR© HB26, SpectraR© 3124. The
nominal thickness of all panels was 23 mm, however the average measured thicknesses were 24.02
mm and 24.08 mm for the DyneemaR© and the SpectraR©, respectively. The average weight of
the panels was 2.118 kg and 2.060 kg for DyneemaR© and SpectraR©, respectively. 15 DyneemaR©
panels and 12 SpectraR© panels were tested.
5.8.2 Results and discussion
Ballistic curves
Greenhalgh at al. [108] postulates that different processing conditions (consolidation pres-
sure during fabrication) may influence the global failure mechanism characteristics occurring
in consolidated polyethylene panels, subjected to impact loading. As a result the panels may
have different ballistic performance depending on the manufacturing cycle adopted and whether
it was optimised for ballistic impact. The DyneemaR© panels used in this study were provided
by DSM, but the processing cycle was not disclosed to the authors. Similarly, the processing
cycle of SpectraR© remains unknown to the authors as the panels were provided by a third-party
supplier. Therefore, it should be noted that the ballistic behaviour of the two materials may
have been influenced by the manufacturing processes used to make them.
The ballistic trials were conducted in a slightly different manner than a conventional V50
trial. Due to the fact the aim of the trials was to generate large amounts of data required
for validation of advanced numerical simulations (i.e. the estimation of V50 was not the main
goal) and because a limited number of panels were available for the study, the striking velocity,
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Vs, was increased every shot by approximately 100 m/s up to more than 1 km/s. Figure 5.38
presents the ballistic curves. St denotes Steel, while Cu denotes Copper. During the trials it was
observed that in some tests the rear part of the panel debonded and flew off with the projectile
i.e. the projectile was not visible to the cameras. In these cases the residual velocity was mea-
sured from the movement of the panel (not the projectile) and these shots are denoted ”BF” in
Figure 5.38, which stands for ”Back Face” measurement. These residual velocity values should
be treated with caution, as clearly if the panel was larger additional work would be performed
in failing the ejected composite.
Figure 5.38: Experimental points for Dyneema R© HB26 and Spectra R© 3124, for copper and
steel FSPs.
The collected data indicated that the ballistic limit (BL) of the materials is approximately in
the region of: 700 m/s for DyneemaR© HB26 impacted with steel and copper FSPs; and 600 m/s
for SpectraR© 3124 impacted with steel, while approximately 700 m/s when impacted with cop-
per FSPs. The data is not sufficient to provide more precise estimates of the ballistic limits. It
should be also emphasized, once again, that the edge effects might have influenced the response
of the panels. In the firings in which the residual velocity was measured from the panels’ back
face, most likely the projectile would be caught, if a larger panel was used. Thus, the ballistic
limits could have been different.
Deformation of the projectiles
The projectiles which penetrated the panels were caught by the catcher box filled with
sand and rags. The influence of the box and the sand on the deformation of the projectile was
identified and described at the beginning of this chapter.
137
It was observed that the steel FSPs, fired at 1 km/s and above, which impacted the panels
deformed to a small extent. No weight loss of the steel projectiles was noticed for all tests. The
copper projectiles deformed substantially during the impact, however any significant weight loss
was only noticed for two projectiles which impacted DyneemaR© panels at 1047 m/s and 1094
m/s (the two projectiles lost 1.49g and 2.58g of mass, respectively). The extent of deformation
of the copper FSPs increased along with the increasing striking velocity.
Figure 5.39: Photographs of the post-mortem projectiles: a) The copper FSP fired into the
catcher box at 1 km/s (top view and side view); b) St FSP, Dyneema R© HB26, Vs=1008 m/s;
c) St FSP, Spectra R© 3124, Vs=1016 m/s; d) Cu FSP, Dyneema R© HB26, Vs=1047 m/s; e) Cu
FSP, Spectra R© 3124, Vs=1027 m/s.
The data in Table 5.6 indicates that panels impacted with copper projectiles lost more weight
than panels impacted with steel projectiles. DyneemaR© and SpectraR© panels lost on average
0.129% and 0.048% of their initial weight, respectively, when impacted with steel projectiles;
while 0.271% and 0.048% average weight loss was observed for the two materials respectively,
when impacted with a copper projectile. This is probably the result of copper low yield strength
(and possibly due to the shock heating discussed in the next section) which allowed for more
extensive plastic deformation of the projectile during the impact event, as it was shown in Figure
5.39. The ”mushroomed” copper projectile has a greater effective area which allows it to affect
(e.g. tear or melt) a larger amount of the material that is in contact. The data for copper
projectiles shows also that the weight loss is greater for shots above the BL. In terms of the steel
projectiles, it is difficult to say whether more material was lost with shots fired above the BL
velocity, as the measured difference of the lost mass was very small and the number of tested
panels was not sufficient to observe any trends.
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Table 5.6: The average panel weight loss after the impact.
Units Dyneema R© HB26 Spectra R© 3124
FSP type St Cu St Cu
Below BL g 3.5 4.5 1.0 0
Above BL g 2.0 7.0 1.0 2.0
The front face deformation
It is known that a material is in the hydrodynamic state if the velocity of the waves
propagating in the material is higher than the sound velocity in the material i.e. there is a shock
wave in the material. Figure 5.40 shows the Equation of State (EoS) curves for DyneemaR©
(in-fibre direction - the red dots; and in transverse direction - blue dots), as well as for bulk
polyethylene (PE) [98]. The figure shows that the sound velocity in the transverse direction of
DyneemaR© is slightly less than 2 km/s. If the material is impacted at the particle velocity (i.e.
the striking velocity) of 400 m/s or higher, a shock is created in the material which propagates at
a velocity higher than the sound velocity in the transverse direction of DyneemaR©. Considering
the fact that similar striking velocities were used in the presented study, it is fair to presume
that a certain region of the DyneemaR© panel was in the hydrodynamic state during the ballistic
test. Due to the additional high speed camera that was recording the very point of impact
Figure 5.40: The EoS curves for Dyneema R© and PE [98].
every 15.38 µs, during the trials with SpectraR© 3124, it was possible to observe that actually
during the first 15.38 µs, although the projectile was penetrating the panel, there was no lateral
movement of the adjacent material at all. Any movement of the material was observed in the
subsequent frames (30.76µs and later). This indicates that for at least the first 15.38 µs, but
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less than 30.76 µs, a certain part of the front face material experienced an inelastic deformation.
Figure 5.41 presents snapshots from the Phantom camera. Assuming that the Equation of State
(EoS) of Spectra 3124R© is similar to the DyneemaR© EoS (as both composites have the same
mass density and they consist of similar polyethylene fibres) considering the observations from
the high speed videos, it is very likely that certain regions of the SpectraR© panel were also in
the hydrodynamic state during the conducted experiments.
Figure 5.41: Front face, magnified view of Spectra R© 3124 panel impacted with copper FSP at
773 m/s.
It was observed that during all experiments at the instance of projectile-panel contact a
bright flash, circular in shape was generated (see Figure 5.42). The shape of the flash changed
from the circle to a peanut as the projectile started penetrating the panel. This was followed
by ejection of molten material from the sides of the projectile chiselled nose, and then by a
global deformation of the front face and ejection of larger quantities of the material. It was not
identified whether the ejecta consisted of the polyurethane (PU) resin, or the polyethylene fibres,
or both. It is believed that the flash was a result of the pressure rise at the projectile-panel
Figure 5.42: Front face view of a Spectra R© 3124 panel impacted with copper FSP at 773 m/s.
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interface and in the adjacent areas due to shock loading induced by the impacting projectile,
which caused the rise of the temperature in both bodies. Figure 5.43 and Figure 5.44 present
how the temperature and pressure changes in DyneemaR© during shock loading, with respect to
the striking velocity, respectively. The charts were created based on the data from reference
[98]. Following Hazel et al. [98], the temperature during shock loading was approximated by
calculating the temperature along the adiabat (Ta) using the following equation:
Ta = T1exp[Γ− Γ( v
v0
)] (5.8)
The derivation of the equation is presented in Appendix F. The pressure in the material was
calculated as follows:
p = ρUsup (5.9)
where Γ is Gruneisen gamma, T1 is the initial temperature of the sample (300
oK), v0 is the
specific volume at ambient conditions, ρ is the mass density of the material, Us is the shock
velocity, and up is the particle velocity (i.e. the striking velocity). The Equation of State (EoS)
of DyneemaR© in the through thickness direction was given by Us = 1.81 + 2.72Up based on the
information provided by Hazel et al. [98]. Additionally, the charts contain information about
the melting temperature of the DyneemaR© fibres, denoted as “PE” in the charts, and about
the thermoplastic polyurethane (TPU) resin. The melting temperature range of the former is
144-152oC [109], whereas the TPU resin melts at about 180oC [110]. Figure 5.43 shows that
Figure 5.43: Temperature rise along the adiabat
for compressed Dyneema R©.
Figure 5.44: Pressure rise in the compressed
Dyneema R©.
below the striking velocity of 800 m/s, neither PE fibres nor TPU melts. At striking velocities
higher than 800 m/s only the PE fibres melts. The latter would explain why both Spectra
3124R© and Dyneema HB26R© tested in this study had very similar residual velocities for the
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striking velocities higher than 850 m/s (see Figure 5.38). Figure 7 in Hazel et al. [98] shows
that no melting was observed at striking velocities of 259 m/s and 600 m/s, however melting
was observed in the material impacted at 947 m/s. A more detailed fractographic analysis of
the panels tested in this study needs to be conducted in order to identify what actually melted.
Figure 5.45 and Figure 5.46 present out-of-plane and in-plane displacement of a point selected
on the surface of three SpectraR© panels, for the two projectile types, obtained from the front
face 3D High Speed DIC. It should be emphasized that the measured points were not exactly
the very same points in each case. Also, due to the destructive nature of the experiment it was
impossible to obtain any DIC readings from the very impact point. As a result, the points as
close to the impact point as possible were selected. Typically the measurement point was 50 mm
below the impact point, in the horizontal centre of the panel. The DIC measurements show that
the in-plane movement of the material occured first, before the out-of-plane movement. The
former started approximately after the first 50 µs of the projectile penetration, while the latter
approximately after 100 µs. This is no surprise as the sonic velocity along the DyneemaR© fibres
is much higher than the transverse velocity across the DyneemaR© panel. Figure 5.46 shows that
Figure 5.45: The out-of-plane time-
displacement history of a point on the front
surface of Spectra R© 3124.
Figure 5.46: The in-plane time-displacement (in
horizontal direction) history of a point on the
front surface of Spectra R© 3124.
the projectile material did not influence the in-plane response of the front part of the SpectraR©
panels, during the initial stages of the impact. However, it was observed that the velocity of the
deformation depends on the striking velocity (the slope of the curves is higher for impacts at lower
striking velocities). The panels impacted at lower velocities tended to deform in-plane quicker
than the panels impacted at higher velocities. In terms of the out-of-plane panel displacement, it
was observed that the projectile material influenced the response of the panel. Panels impacted
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with copper FSPs deformed more than the ones impacted with steel FSPs. Figure 5.47 and
Figure 5.48 show the front face of two tested panels. The compression deformation observed
around the impact hole in Figure 5.47 (but also present in many other tested panels), that
resembles a typical open hole problem, occurred at the later stages of deformation, long after
the projectile penetrated the initial thickness of the panel. The deformation was onset by the
moving projectile which pushed away the adjacent material, as showed in the Figure 5.41, at
about 31 µs after the impact. From then on, the wrinkles propagated towards the edges of the
panel, resulting in the type of deformation observed in the Figure 5.47.
The DIC measurements showed that the SpectraR© front face experiences less than 1%
Figure 5.47: Magnified view on the Dyneema R©
HB26 panel impacted at 509 m/s by a steel FSP.
Figure 5.48: Full Spectra R© 3124 panel impacted
at 559 m/s by a copper FSP.
tensile strain during the impact event (typically substantially less, which was at the level of
the measurement noise), regardless of the impact velocity. Unfortunately, it was impossible to
conduct a similar analysis (the front face 3D DIC) on the DyneemaR© panels.
Location of the First Major Delamination (FMD)
Figure 5.49 and Figure 5.50 present two full panels which were impacted at different
velocities by two different projectiles. Typically during the ballistic trials, the rear part of a
DyneemaR© panel was drawn in during the projectile penetration. The kinetic energy of the
projectile was dissipated by the lateral deformation of the rear part of the panel which acted
as a membrane. As the material deformed out of plane, the edges of the rear part of the
panel were drawn in, which created the substantial delamination, example of which is shown
in Figure 5.49. A similar response was also observed for SpectraR© 3124, however, the material
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Figure 5.49: Full Dyneema R© HB26 panel im-
pacted at 1410 m/s by a steel FSP.
Figure 5.50: Full Spectra R© 3124 panel impacted
at 466 m/s by a copper FSP.
appeared to be less stiff than DyneemaR© which was pronounced by larger lateral deformations
of the entire panel (including the front part of the panel), as shown in Figure 5.50. This
large delamination is denoted in this paper as the First Major Delamination (FMD). Such
nomenclature was implemented due to the fact that although, quite often, there were other
smaller delaminations observed earlier, at the edges of the panel, there were always one or two
larger ones, after which the deformation of the panel was different to what was observed prior
to this delamination (at the “front part” of the panel). It is noted also that the delaminations
were apparent due to a relatively small panel size used for the trials. Most likely they would not
be visible if a 1 m2 panel was used.
In order to estimate the exact location of the transition between the front part of the panel
and the rear part of the panel (the part that experienced the membrane behaviour), the authors
measured the distance from the front face of each tested panel to the first major delamination
and plotted it against the striking velocity. Also, in the previous section it was noted that no
movement of the front face material was observed for a short period of time, during each test
with SpectraR© panels. The author multiplied this time period by the striking velocity of the
projectile in those tests in order to see at what depth of the panel the projectile was, when the
front face surface movement was observed for a first time by the 3D DIC. This calulation was
made for each SpectraR© panel. All these measurements and calculations are presented in Figure
5.51 and Figure 5.52. The ”0” value on the y-axis denotes the panel front face, the “24” value
denotes panel rear face.
The presented data shows that the location of the transition region is striking velocity de-
pendent. The first major delamination occurs deeper in the panel as the striking velocity rises.
Also, the delamination occurred deeper in panels impacted with steel FSPs than in panels im-
pacted with copper FSPs. However, it should be noted that the distance was measured using
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Figure 5.51: Location of the FMD for Spectra R©
3124 panels.
Figure 5.52: Location of the FMD for
Dyneema R© HB26 panels.
a calliper and the measured data was averaged over four sides of the panel. Thus, it is fair to
presume that there is no (or there is very little) difference in the through thickness location
of the transition plane, between the response of the two materials subjected to impact of steel
and copper FSPs. Figure 5.51 shows that the distance obtained from the high speed videos is
similar to the results obtained from the manual measurements. This indicates that there might
be a relationship between the location of the FMD and the response of the front part of the
material. It was noted in the previous section that the 3D DIC measurements revealed that the
panels impacted at lower velocities tended to deform in-plane quicker than the panels impacted
at higher velocities. Figure 5.51 shows that the panels impacted at lower velocities had also the
front part of the panel thinner compared with panels impacted at higher velocities. Possibly, the
deformation of the rear part of the material might have influenced the front face deformation.
A thinner front part would respond to the rear part deformation probably quicker. The slight
difference in the curves slope (the manual measurements versus the high speed video measure-
ments) might be the result of (on top of the measurement error discussed earlier) assumptions
made on the timespan of the projectile presence in the front part of the panel - the limitation
associated with camera frame rate (frame every 15.38 µs). This error could be reduced by using
a higher specification camera (e.g. Phantom V16) for the measurement.
In some cases, it was observed that at the rear surface of the front part of the panel the very
outer layers experienced a very localized (approx. two projectile diameters) membrane-type of
loading, which indicates that the transition region between the front part and the rear part of
the panel, has a certain thickness i.e. it is not a sudden step change in the material behaviour.
The latter ought to be confirmed by a fractographic analysis of the impacted panels and by
Computed Tomography (CT) scans that will be conducted in near future.
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The back face deformation
The experiments showed that the back face deformation of the panels differed substantially
depending on the striking velocity. Figure 5.53 presents the out-of-plane deformation histories for
the horizontal mid-plane section of the tested panels, obtained from the 3D DIC measurements.
The plots were divided into three columns, from left: below the ballistic limit (except SpectraR©
3124 impacted with steel FSPs), close to the ballistic limit, and at striking velocities substantially
higher then the ballistic limit. The information about the striking velocity and the projectile
Figure 5.53: The out-of-plane displacement histories of the mid-plane horizontal section of
the experimental panels, obtained from the 3D DIC measurements, for three different velocity
ranges (below the BLs: a),d),g,j; at the BL or just above: b),e),h),k); substancially above the
BLs: c),f),i),l) ). Row 1: Dyneema HB26 impacted with steel FSP; Row 2: Dyneema HB26
impacted with copper FSP; Row 3: Spectra 3124 impacted with steel FSP; Row 4: Spectra 3124
impacted with copper FSP.
type are provided in the top, left corner of each plot. The time frame stamp is provided next
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to each curve. The length of the plotted section was 220 mm, which is almost the entire length
of the panel in the effective impact window. It should be noted that the sections used for the
plot i), j), and k) were not in the mid-plane but slightly below, due to the poor speckle pattern
in the mid-plane area. The authors understand that it might be more convenient to validate
a numerical model using a one point time-displacement history. Thus, the time-displacement
histories for a point located in the centre of the sections used for plots in Figure 5.53 are given
in Figure 5.54 and Figure 5.55. The two charts are not further discussed herein as the focus is
put on the data presented in Figure 5.53. It is observed that some of the curves are broken in
Figure 5.53. This is a result of either panel damage due to the projectile penetration e.g. b),
c), f); or due to problems with recognizing the pattern at high deformations e.g. a), i). The
plots also show that not all shots were made exactly in the center of the panels e.g. c), g). A
numerical artefact is also visible on the very bottom curve of the plot f) - the curve should be
a smooth bump as all the other curves.
Figure 5.54: Time-displacement history of the
point on the rear surface of the tested panels.
Figure 5.55: Time-displacement history of the
point on the rear surface of the tested panels -
magnified view.
The data presented in the three columns of Figure 5.53 show that the response of the two
materials changes with increase of the striking velocity. The materials response becomes more
local as the striking velocity increases. The data shows that for the DyneemaR© panels impacted
below their BL (the first column), the initial deformation occurs at the impact point, in the
in- and the out-of the plane directions, whereas at the final stages of the penetration, the
out-of-plane deformation at the impact point does not change considerably while a substantial
out-of-plane movement takes place at the areas remote to the impact point (see Figure 5.53d
). It is noted that the deformation reaches the edges of the panel. This phenomenon is less
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pronounced for the SpectraR© panels due to the fact that the panel, as mentioned previously,
almost always split into two halves during projectile penetration. The 3D DIC measurements
(plots h), i), and k)) shows that the unpenetrated SpectraR© rear surface, at later stages of
deformation, flew away towards the high speed cameras. The plots presenting deformation of
panels subjected to shots at very high velocities (the third column) show that deformation of
both materials is very local and the out-of-plane displacements are relatively low; less than 30
mm (except for the SpectraR© 3124 impacted with steel FSP which split into two halves).
In general, the data in Figure 5.53 shows that DyneemaR© HB26 is characterized by lower
out-of-plane displacements than SpectraR© 3124. Also, the deformation of DyneemaR© HB26
impacted below or at the BL reaches the edges of the panel (plots a), d), e) in Figure 5.53),
while this is not taking place for the SpectraR© panels impacted at similar striking velocities
(plots g), h), j) and k)). This means that the load applied by the projectile is being distributed
over the larger area in the DyneemaR© case, compared with SpectraR©. It appears that a similar
size of area is being deformed for both materials, when impacted at very high velocities e.g. 1
km/s. These observations allowed to draw the following conclusions: a) most likely DyneemaR©
HB26 has higher interlaminar shear strength and shear stiffness than SpectraR© 3124. The
two properties allow DyneemaR© material to transfer the load applied by the projectile more
effectively throughout the panel over the larger area, while deforming less than a comparative
SpectraR© 3124 panel.; b) the fact that deformation of both materials is similar at very high
velocities while substantially different when impacted at lower velocities may indicate that the
resin used as matrix system in both materials may be different (the two may have different strain
rate properties). The latter has a direct influence on how the applied load is transferred between
the adjacent plies and within them. An alternative explanation is that as the matrix and the
fibres are softened due to temperature rise caused by the shock, the projectile penetrates both
panels in a similar manner. These generic conclusions are depicted by an example case presented
in Figure 5.56. At 50 µs after the impact both DyneemaR© and SpectraR© panels seem to deform
similarly in terms of the in-plane and the out-of-plane displacement. (The applied kinetic energy
is probably dissipated by yarn straining, internal damage growth and the panel deformation.
The in-plane waves propagate away from the impact point through the yarns). However, as the
time progresses (120 µs) the in-plane deformation area of SpectraR© increases only to a small
extent, most of deformation takes place out of the plane; while the deformed in-plane area of
DyneemaR© increased in size about twice. The out-of-plane panel deformation also increased.
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Figure 5.56: Comparison of the back face deformation of two panels impacted at approximately
510 m/s with steel FSPs: a) Spectra R© 3124; b) Dyneema R© HB26.
(Most likely the low shear strength of SpectraR© allowed for quick delamination growth in one or
more planes inside the panel thus allowing for less restricted out-of-plane movement. The higher
shear strength and shear stiffness of DyneemaR©, possibly in conjunction with the influence of
the material layup, facilitates further in-plane load transfer. The waves continue to propagate
towards the edges of the panel. The initial circular deformation shape becomes a rectangle
as the load is transferred via shear in the regions between the primary yarns perpendicular
to each other. It is emphasized that the above statements on the shear strength and stiffness
of the two materials are entirely based on the shear deformation information obtained from
the DIC measurements, which are described in the subsequent section). During the following
580 µs the tensile wave travelling in the mid-plane of SpectraR© panel reaches the edges of the
panel, which is pronounced as the drawing-in of the primary fibres. In terms of DyneemaR© the
in-plane deformation reaches the edges of the panel, while the out-of-plane deformation further
increases. No drawing-in is observed. (Possibly the low intralaminar shear strength of SpectraR©,
or extensive slippage at the yarn/matrix interface, or ductility of the used matrix, or all of these
together allow for extensive in-plane movement of the primary and the secondary yarns, as the
out-of-plane deformation progresses). In the subsequent deformation stages (not shown in here)
the DyneemaR© captured the projectile and ”relaxed”, while the the SpectraR© also captured the
projectile, but the rear part of it almost completely slipped out of the rig. The latter is believed
to be associated with the edge effects. If bigger panels were tested or if the panels were mounted
in a different clamping system (e.g. bolted panels), the material would not draw out of the rig.
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Figure 5.57 presents strain readings from the same section that was used in Figure 5.53.
Each plot in the figure presents readouts from a number of time frames to give an appreciation
of what strains the panels experienced throughout the experiment. The logarithmic strain in
the horizontal direction, denoted as Epsilon X, is plotted on the Y-axis (0.04 is the maximum
value on each chart). All other annotations remain the same as in Figure 5.53. Although the
Figure 5.57: The in-plane strain histories of the mid-plane horizontal section of the experimental
panels, obtained from the 3D DIC measurements, for three different velocity ranges (below the
BLs: a),d),g),j); at the BL or just above: b),e),h),k); substancially above the BLs: c),f),i),l) ).
Row 1: Dyneema HB26 impacted with steel FSP; Row 2: Dyneema HB26 impacted with copper
FSP; Row 3: Spectra 3124 impacted with steel FSP; Row 4: Spectra 3124 impacted with copper
FSP.
charts look “noisy”, it is not noise that is presented but the actual data from many time frames
overlaid on each other. The spikes are partially a result of relatively low camera frame rate that
was used. The curves would be more smooth, if a higher camera frame rate was used (which
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was impossible during the experiments due to the selected resolution). It is observed that as
the striking velocity rises (from the first column on the left to the third column), the fewer
readings were plotted. This is due to the fact that as the measurement setup remained the
same throughout all experiments (cameras resolution and frame rate) but the striking velocity
increased, the material penetration occurred faster, hence fewer frames with the readings. It
should be also emphasized that in many cases due to the destructive nature of the experiment
it was possible to record only one or two frames at the very impact point before the pattern was
damaged and no DIC measurements were made.
The data shows that regardless of the striking velocity the primary yarns and the secondary
yarns at the back face of the panels experienced strains of no more than 2% throughout most
of the measured length (mind the caveats mentioned above). By using the interpolation tool
provided in the DIC software, it was possible to get an estimate of what strains would the
panel experience at the very impact point just before the failure, based on the data from the
adjacent regions. For plots a), d), e), and g) no interpolation was needed as the panels were
not penetrated and the row data was of good quality. In cases b), c), and f) the interpolated
data showed (not presented in here) that the DyneemaR© primary yarns experienced about 6%
elongation at the very impact point, for a very short period of time, prior to failure. Interpolated
plots h) and k) showed that the SpectraR© primary yarns experienced about 4% elongation at
the impact point. It was impossible to extract any additional data from cases i) and l) as the
raw data was not sufficient for the analysis. These interpolated values should be treated with
caution as they are purely the effect of a numerical interpolation. However, the values do not
seem extremely unrealistic as it is possible that during the penetration the shock heating could
have caused thermal softening of the yarns in the membrane region as well. This would relax
the transverse molecular bonds (van der Waals and the chain entanglement) between the aligned
polyethylene chains and thus allow for slipping of the molecules on each other. The latter would
be perceived on the macro scale (the DIC) as an excessive straining. If the hypothesis is true,
this would mean also that the fibres would also not reach its statically determined (tensile tests
on yarns) Ultimate Tensile Strength, but would fail at some lower value of stress. Nevertheless,
it is also possible that the fibres at the back face were sheared or pulled to fracture by the
projectile, which would mean that the discussed interpolated values are incorrect. A detailed
fractographic work is required to identify the actual mode of failure of the fibres located at the
rear face of the tested panels.
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It appears that both steel and copper FSPs apply similar strains to the panels. By comparing
the strains experienced by the panels with their deformation (see Figure 5.53), it is observed that
regardless of the extent of panel deformation, the maximum experienced throughout the panels
strains were similar (this statement excludes the data obtained from the interpolation i.e. the
presumed very high, localized strain values at the impact point). This implies that large material
lateral deformations do not necessarily mean higher yarn straining (which is believed to be one
of the main energy dissipating mechanisms) i.e. the large material lateral deformations do not
necessarily mean better ballistic performance. The analysis of strain-time history in the panels
rear surface showed that the primary yarns experience the highest strains, throughout all their
length immediately after the flash generated at the front face vanishes (the flash is also visible at
the back face although the panels are not transparent), which was recorded to take place within
25 µs and 12 µs after the flash, for DyneemaR© HB26 and SpectraR© 3124 respectively (different
camera frame rate was used). In the subsequent time frames the strain quickly drops to zero
(within approx. 50 µs) in the regions remote to the impact point. It appears that the rate of
decrease of the strain values in the impact region in DyneemaR© is striking velocity dependent.
The amount of strain in the panels impacted at low velocities (the first column of Figure 5.57)
seemed to gradually decrease as the panel continued to deform laterally. The rate of decrease of
the strain values was much higher in DyneemaR© panels impacted at higher velocities. In terms
of SpectraR© 3124, it was observed that the entire length of the primary yarns unloaded very
quickly and although the material continued to experience large lateral deformations the yarns
were not strained (nearly no strain at the tip of the impact cone for shots that resulted in panel
splitting). It is believed that this observation points out again at the shear properties of the
material. Possibly, although the yarns experienced the maximum strains at the initial stages of
the penetration, the matrix system and the fibre/matrix interface did not facilitate transferring
the load further. The material quickly delaminated and hence there was nothing constraining
the two parts of the panel which could guarantee load transfer to further areas of the material.
The described difference in the materials behaviour is also visible in the post-mortem panels.
Figure 5.58 and Figure 5.59 show damaged DyneemaR© HB26 and SpectraR© 3124 panels. It was
observed that DyneemaR© panels delaminated in a more catastrophic manner (the fibres were
torn away from the plies), while SpectraR© panel had relatively ”clean” surfaces (almost no
tearing or debonding of fibres).
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Figure 5.58: Full Dyneema R© HB26 panel im-
pacted at 609 m/s with a steel FSP.
Figure 5.59: Full Spectra R© 3124 panel impacted
at 640 m/s with a steel FSP (the two split parts
being held together by the author).
The in-plane shear behaviour
The observations and conclusions given in the previous section were also confirmed by
the measurement of shear deformation at the back face of the panels. Figure 5.60 shows an
example digital mesh obtained from the 3D DIC measurements with the diagonal section used
for extraction of data on shear deformation. The figure shows also the mid-plane section that
was used for plotting data in Figure 5.53 and Figure 5.57. Figure 5.61 shows in-plane shear time
histories for the DyneemaR© and the SpectraR© panels. The in-plane shear is denoted as Epsilon
XY on the Y-axis, while the time steps are give next to the curves.
Figure 5.60: Digital mesh of deformed Spectra R© 3124 impacted at 640 m/s by a copper FSP
(in-plane shear plotted).
The data plotted in the Figure 5.61 indicates that there are substantial shear deformation
taking place during the impact events. As expected, very little or no shear deformation is
present at the impact point (“0” value on the X-axis), where the primary yarns are expected to
dissipate the projectile kinetic energy by straining. The largest extent of shear deformations in
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DyneemaR© HB26 panels, during the period when the panel is not penetrated, take place when
the striking velocity is below or at the BL of the material (charts a), d) and e) in Figure 5.61). At
these velocities the in-plane shear deformation quite often reaches the boundaries of the panels,
while the peak value of the in-plane shear deformation during the impact event may reach 20-
25%. This supports the observation of the DyneemaR© deformation that was presented in the
previous section. It was observed also that there was a residual in-plane shear deformation in the
Figure 5.61: In-plane shear strain histories of the diagonal section of the experimental panels
from the 3D DIC measurements, for three different velocity ranges (below the BLs: a),d),g,j; at
the BL or just above: b),e),h),k); substancially above the BLs: c),f),i),l) ). Row 1: Dyneema R©
HB26 impacted with steel FSP; Row 2: Dyneema R© HB26 impacted with copper FSP; Row 3:
Spectra R© 3124 impacted with steel FSP; Row 4: Spectra R© 3124 impacted with copper FSP.
panels that were not penetrated, which levelled out itself, as the panel was ”relaxing” after the
impact, to a value of 5-10% (see charts a) and d) in Figure 5.61). The peak in-plane shear value
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seems to decrease with increase of the striking velocity. In the experiments where DyneemaR©
was impacted at approx. 1 km/s the peak value was 10-15%, before the projectile penetrated
the panel (see charts c) and f) in Figure 5.61). SpectraR© 3124 experienced far higher in-plane
shear deformations than DyneemaR© HB26. The peak in-plane shear values for SpectraR© panels
impacted at 500-600 m/s ranged from 30 to 35%. The peak in-plane shear values, before the
penetration, for the two shots fired at 868 m/s and 1027 m/s were 18% and 23%, respectively;
which is about a double of the DyneemaR© values for similar shots. At these velocities DyneemaR©
panels failed within 48 µs while SpectraR© panels within 72 µs. It was observed that at these
high velocities the shear deformation of DyneemaR©, before penetration, was enclosed within
approx. 65 mm radius from the impact point, while the extent of shear deformation of SpectraR©
reached about 100 mm radius. Also, it appears that steel projectiles left a different in-plane
shear deformation ”signature” than the copper projectiles. Charts a), d), g), and j) in Figure
5.61 show that the shear strain time history over the measured section had a dome shape for
steel projectiles, while being more triangular for panels impacted with copper projectiles. This
is probably related to the fact that the copper FSPs were more prone to plastically deform, due
to their low yield strength and the adiabatic heating previously described, compared to steel
projectiles.
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5.9 Implementation of novel X-ray imaging methods
In recent years there has been a substantial increase in the implementation of Computed
Tomography (CT) into various engineering problems. This contactless technique utilizes X-rays
to look inside of the scanned object. The acquired data may be used for creation of the object’s
3D CAD model. The method facilitates comparison of manufactured objects with their original
CAD models and evaluation of internal damage in scanned objects in a non-destructive manner.
To the author’s best knowledge, to date, there have been very few publications showing
implementation of CT to ballistically tested panels. In this research it was identified that,
although the high speed cameras and Digital Image Correlation provided valuable information
regarding panels deformation during the experiments, it would be worth having an insight into
the internal damage of the tested panels. Such data would be directly used for validation
of the internal deformation observed in the panels in numerical models. For this purpose a
collaboration was established between Imperial College London and µ-VIS centre at University of
Southampton. An agreement was also established with Karlsruhe Institute of Technology which
facilitated conducting Computed Laminography scans at the European Synchrotron Radiation
Facility in Grenoble.
The aim of the work presented in this section was to identify how applicable the two methods
are for extracting information from ballistically tested panels. The presented observations and
conclusions were drawn specifically having in mind ballistic testing of relatively large composite
materials.
5.9.1 Computed Tomography (CT)
The Computed Tomography scans were made using Nikon/Metris custom designed 225kV/450
kV hutch. Two Dyneema HB26 panels and two Spectra 3124 panels were scanned. Figure 5.62
presents the 3D reconstructed model and two sections running though the centre of the panel in
the horizontal and vertical directions. The reconstructed field of view was about 120 x 60 mm.
The scans were acquired using the 225kV rotating W anode target with 2 mm Cu filter and
a peak energy of 200kV (high energy required to get through the long path length (300 mm)
polymer at certain angles. To increase resolution, a panel shifting mode was used (flat panel
detector 2048 x 2048 moved laterally during the acquisition to effectively increase the width of
the detector by a factor of two). This process resulted in very long acquisition times - the panel
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Figure 5.62: Computed Tomography scans of the Dyneema HB26 panel impacted with steel
FSP at 1410 m/s.
sat to one side, a radiographic image was acquired, then the panel was moved across to the
other side, another image was acquired, then the images were stitched together and saved as a
single large radiograph. The specimen was then rotated and the whole panel shifting process
was repeated. The images were taken at 56 µm and 20 µm resolution which took 15 and 30
hours to scan, respectively. It was identified that a 10 µm resolution could be achieved, if the
panel was shifted four times, however the scanning time would further increase and therefore
this path was not investigated further.
In total, two Dyneema HB26 and two Spectra 3124 panels were scanned. The reconstructed
3D volumes and the subsequently extracted through thickness sections provided detailed insight
into the internal damage of the panels. In the higher resolution scan it was possible to visually
differentiate (not shown in here) between the polyethylene fibres and the matrix system. These
first two scans showed also that, although it was possible to achieve high resolution scans, the
time required for scanning was relatively long and the subsequently obtained scan images were
very large and thus difficult to post process (the resultant file size was up to 120 GB). Both
factors would be treated as bottlenecks, if more panels were planned to be scanned. As the
consequence, for the other two panels the tomograph scanned only six selected slices (three in
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the vertical direction and three in horizontal direction of the panel). The sections selected were
the impact point and two parallel sections offset by 30 mm to each side of the impact point.
This solution allowed the relevant information to be extracted while minimizing the scanning
time. However, such data was not sufficient for creation of a 3D CAD model.
5.9.2 Synchrotron Radiation Computed Laminography (SR-CL)
Synchrotron Radiation Computed Laminography is a novel volume imaging technique devel-
oped for a non-destructive three-dimensional imaging of flat specimens [111]. Recently, SR-CL
was utilized to uncover internal damage in composite materials [112].
Compared to Computed Tomography, in SR-CL the tomographic rotation axis (i.e. the ro-
tation axis of the specimen) is inclined with respect to the incident X-ray beam by angle θ.
The flat specimen is aligned perpendicularly to the rotation axis, so that the thickness of the
specimen exposed to the X-ray beam does not change significantly during the rotation. A CCD
sensor located behind the scanned object records the beam transmitted through the object. The
3D reconstruction method is based on filtered back-projection. Detailed description of the Com-
puted Laminography is provided in reference [111]. Figure 5.63b shows a schematic diagram of
the experimental setup. The ESRF synchrotron ring (Figure 5.63a) generated the X-ray beam,
which then passed through the multilayer monochromator to the scanned panel. The latter,
placed in a specimen holder shown in Figure 5.63c, was positioned in the centre of the scan
porthole of the goniometer system (5.63d). Two different CCD sensors were investigated in this
study: a 7 µm and 14 µm pixel size. Both acquired images at 2024 x 2024 pixels resolution.
The size of the Region Of Interest (ROI) was approximately 12 x 12 mm. The thickness of the
scanned panels varied from 8 to 20 mm.
Figure 5.64 presents a slice through a pristine Dyneema HB26 panel, obtained from the SR-
CL. The figure shows that the Dyneema panels was porous inside with voids running along the
fibres. It was observed that these small voids were randomly distributed throughout the scanned
area, while larger manufacturing imperfections (also voids) were observed in some of the plies,
but much less frequently. These observations reaffirm Greenhalgh et al. findings [108], who, by
analysing impacted Dyneema HB26 panels, observed that the interply resin layers included
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voids. The figure shows also a Computed Laminography artefact observed at the edges of the
image - the radial beams and the localized blurriness. It is known that the data contained at
the edges of CL images should be discarded as it can be erroneous.
Appendix G contains example images from CL scans of pristine Goldshield, S2 Glass 3x3
BW with epoxy resin, Tegris, and Tensylon.
Figure 5.64: SR-CL slice though volume of pristine Dyneema HB26 panel. The area size: 12 x
12 mm.
Figure 5.65 presents a slice through impacted Tegris panel at the region adjacent to the
impact point, obtained from the SR-CL. Tegris panels were the only impacted panels that
were successfully scanned using SR-CL, as all other impacted panels (e.g. Dyneema, Spectra
etc.) were not able to fit the specimen holder and the scan porthole due to their large lateral
deformations. The Tegris scan shows that the CL technique may also be useful for analysing flat
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impacted panels. The obtained images show in great details the tape failure and other damage
characteristics around the impact area, as well as the material structure i.e. the plain weave.
It is noted that although all scanned materials appeared to be flat to a naked eye, they might
not have been actually flat, if precisely measured. As a consequence, the CL scans might be
not showing planes exactly perpendicular to the material plies. Figure 5.65 shows also another
CL artefact, that is the concentric rings, which come from the reconstruction algorithm. It is
possible to minimize this effect.
Figure 5.65: SR-CL slice though volume of impacted Tegris panel showing the area adjacent to
the impact point. The area size: 12 x 12 mm.
It was found that when scanning impacted panels, due to a very high magnification and small
ROI, it was difficult to identify what part of the panel the scan actually shows. This problem
could be probably solved in future by having designated markers around the impact area.
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5.10 Conclusions
The conducted ballistic trials allowed for extracting a wide range of information regarding
the materials behaviour during the impact events, which will be used for validation of high
fidelity numerical models (not discussed in here). The innovative state-of-the-art ballistic setup
involving fully synchronized front face 3D HS DIC, back face 3D HS DIC, the residual velocity
optical measurement, and the front face point-of-impact camera, was successfully implemented.
The setup, on top of the commonly obtained high speed videos from the experiments (e.g. the
residual velocity video), allowed to extract quantitative information regarding the deformation
characteristics of the materials and their strain fields.
Additionally, the knowledge of the internal damage in the tested materials was enhanced
by using non-invasive X-ray imaging methods. It was found that both Computed Tomography
and Synchrotron Radiation Computed Laminography provide means for extracting the required
information from large composite panels, however each of these techniques was suitable for dif-
ferent purposes. It was found that Computed Tomography provided high resolution scans of
large areas of largely deformed impacted panels, however the time and the computational power
required for scanning and post processing, respectively, were substantial. Synchrotron Radia-
tion Computed Laminography, on the other hand, was not particularity suitable for scanning
deformed objects, but flat panels were scanned at very high resolution in a relatively short time.
Nevertheless, the Region of Interests in the latter were much smaller. In summary, it was found
that Computed Tomography was suitable for scanning large deformed objects, while Computed
Laminography was suitable for providing very high resolution scans of small selected regions in
flat panels e.g. center point of a panel prior to impact. The latter technique is perfectly suitable
for identifying unit cells in materials for which numerical models require validation.
5.10.1 Armox 370T & Armox 440T
The ballistic trials showed that the ArmoxR© steels provided substantial ballistic resistance
only up to 500 m/s striking velocity, owing to the presence of various energy dissipating mech-
anisms during the impact event. It was observed that the kinetic energy delivered to the panel
by the projectile was dissipated by shear failure (plugging), out-of-plane deformation and crack-
ing observed at lower and intermediate velocities, and plastic deformation of the projectile. At
higher striking velocities, plugging accounted only for a small fraction of the initial kinetic en-
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ergy applied to the panel, while almost no out-of-plane deformation occurred, and therefore the
ballistic performance was poor. The projectile residual kinetic energy accounted for at least 60%
of the total amount of energy, in firings made at 600 m/s and above. It was observed that all
the other energy dissipation mechanisms (e.g. flash, plastic deformation, sound etc.) accounted
for, on average, 14% of the entire applied energy in Armox 370T firings, and for 8%, on average,
in Armox 440T firings.
The results showed that Armox 440T had higher ballistic limit for both projectile types than
Armox 370T impacted with steel FSPs. However, the theoretical ballistic limit of the latter
impacted with copper FSPs was higher than the limits of Armox 440T. The comparison of the
tensile test results (i.e. toughness) did not provide any additional information, as it was im-
possible to measure strains higher than 2% due to the strain gauges limitations. It is possible,
however, that if more firings were made, sufficient for a statistical analysis of the ballistic perfor-
mance of both steels, one could find that there was a huge variability in the quality of both steels
and that the points observed in this ballistic study were at the extremes of their performance.
This type of error would affect also the way the analytical model for theoretical ballistic limit
was fit to the experimental points, which could potentially explain why Armox 370T impacted
with copper FSPs had the highest theoretical ballistic limit.
5.10.2 Polycarbonate, Polypropylene, Ultra High Molecular Weight Polyethy-
lene
The ballistic trials employing these three polymers showed that although polycarbonate had
a higher ballistic limit than the other two materials (ballistic curves of which were almost the
same), its ballistic response to impacts at velocities higher than 480 m/s was inferior to the
performance of the other two materials. The theoretical ballistic limits of all three materials
were lower than 300 m/s.
The high speed videos showed that the three materials deformed in a different way on the
strike face, when impacted by the projectile: a self-closing cavity was created in the UHMWPE,
the polypropylene became more liquid as the striking velocity increased, while polycarbonate
plastically deformed creating small hills running in the direction of the chiselled nose of the
projectile.
It was observed that the deformation behaviour of PC was affected by the striking velocity
only to a small extent. The deformation observed at both the front and rear sides of the panel
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remained similar, irrespective of the impact velocity.
The increase of the striking velocity affected, however, the response of polypropylene and
UHMWPE. As the striking velocity increased, PP located around the impact point at the
front face behaved more and more like a fluid, for a short period of time. The change of the
failure modes observed at the back face of polypropylene panels appears to indicate that there
is a relationship between the speed of crack formation and their propagation (or growth of
failure regions due to tearing), and the striking velocity. When the latter was higher than the
crack formation and propagation speed, no smooth crack propagation occurred, instead multiple
tearing failures appeared in the material. At even higher striking velocities, the initially circular
failure, that resulted from the growth of the multiple failure regions due to tearing, transformed
into a helical failure.
The UHMWPE panels exhibited a similar failure at the front face irrespective of the striking
velocity, but showed a different response at the back face. At the low velocity impacts, plastic
deformation of the material (creation of the bubble) and multiple crack growth were observed,
whereas the projectile left the panels with a plug. Nevertheless, at high striking velocities, the
bubble powdered and multiple grains flew in multiple directions, pushed away by the projectile.
5.10.3 Tegris
The ballistic results for Tegris showed that the material had the ballistic limit approximately
250 m/s higher than an amorphous polypropylene - 350 m/s. The high speed videos showed
that the front face deformation characteristics of Tegris did not change with increase of the
striking velocity. The 3D HS DIC analysis showed that the back face deformation had always
the shape of a square-based pyramid, irrespective of the striking velocity. The latter, however,
affected the size of the pyramid prior to perforation (or relaxation - for the panels that were
not perforated). As the striking velocity increased, the maximum displacements achieved out
of plane and in-plane decreased. The maximum back face out of plane displacement among all
tested panels was approximately 37 mm and it decreased with increase of the striking velocity.
The DIC allowed to observe the strain field at the back face of the panels. Unfortunately,
due to the presence of the cover layer, albeit very thin, at Tegris back face, it is questionable
how accurately the measurements reflect the actual strains experienced by Tegris. It is believed,
however, that the strain distribution and displacement measurements were accurate.
The maximum shear deformation increased from 3% to 8% with the increase of the striking
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velocity. The relatively low shear deformation of Tegris (compared to Dyneema and Spectra)
was most likely the result of the architecture of the material (plain weave) that did not allow
for an extensive movement of tows during the impact event. Both Dyneema and Spectra do not
have such a constraint as they are unidirectional cross-ply composites.
5.10.4 Dyneema HB26 & Spectra 3124
The results from the ballistic trials employing Dyneema HB26 & Spectra 3124 showed that
the former had slightly higher ballistic limits than the latter, nevertheless, the response of the
panels was most likely affected by the edge effects, as a relatively small, with respect to the
applied loads, panel size was used. It is possible that the larger panels would show different
ballistic limits of the materials. Also, for precise determination of the ballistic limit, more panels
should be tested.
It was observed that at very high striking velocities (850 m/s and above) both materials had
very similar ballistic performance. The steel projectiles deformed very little during the impact
and this only took place if the projectile was fired at 1 km/s and above. The deformation of the
copper FSPs increased with increasing striking velocity. The observed deformation, however,
was a result of the impact on both the tested panel and the catcher box used in the study. The
influence of the latter could be minimized, if an alternative to sand was found/used e.g. gelatine,
however the cost of such solution would probably be much higher. In general, the panels lost
very little of their initial mass due to impact (less than 1%). It was observed that the panels
impacted with copper FSPs lost more weight than panels impacted with steel FSPs.
The front 3D DIC measurements allowed identifying how the front face of the panels de-
formed in-plane and out-of-plane in time. It was observed that the in-plane movement of the
material occurred first, before the out-of-plane movement. Although the projectile material did
not influence the in-plane response of the panels, the out-of-plane response was affected. The
measurements showed also that the front face of the Spectra panels experienced less than 1%
tensile straining during the projectile penetration.
A post-mortem observation of the test panels showed that the deformation characteristics
of each panel changed in the through thickness direction. It was observed that at a certain
distance away from the front face a large delamination(s), which reached to the edges of the
panel, occurred, after which the remaining part of the panel was drawn in. By plotting the
location of this delamination (denoted as the First Major Delamination) against the striking
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velocity, it was identified that the through thickness location of the FMD was striking velocity
dependent. It occurred further away from the impact face as the striking velocity rose.
The 3D DIC measurements of the rear part of the panel, which acted as a membrane during
penetration, allowed analysis of the back face deformation characteristics of the two tested
materials. It was observed that the response of the materials changed (became more local) with
increase of the striking velocity. The measurements showed that the primary and the secondary
yarns at the back surface experienced not more than 2% strain, independently of the striking
velocity, at the areas which were not a direct point of exit of the projectile. The interpolated data
at the point of the projectile exit (which was not possible to measure during the experiments)
indicated that the strains in this region might have been as high as 6%. Nevertheless, the
accuracy of this interpolation remains to be investigated. The in-plane shear behaviour was
found to be very different for the two tested materials. SpectraR© panels experienced about twice
higher shear deformations than comparable DyneemaR© panels. It was observed that there was a
residual shear deformation in DyneemaR© panels impacted at low velocities, at the level of 5-10%
of shear strain. The measurements showed also that the panels impacted with steel projectiles
had different in-plane shear deformation than panels impacted with copper projectiles.
Overall, it was observed that the large out-of-plane deformations of the panel rear part are
not an indicator of a better ballistic performance, but rather of a lack of optimization of the
interlaminar and intralaminar shear properties of the material. The findings indicated that
the dynamic in-plane shear behaviour plays a crucial role in the ballistic performance of a
unidirectional cross-ply, high performance composite materials.
5.10.5 Discussion on the Cunniff scaling law
The literature review showed that one of the methods used for predicting the ballistic be-
haviour of composite materials was the dimensional analysis due to Cunniff [10]. The Omega,
Ω, curves proposed by the author allow a fast comparison of the compare applicability of differ-
ent yarns to the design of armour grade composite materials, which performance, according to
Cunniff, is dependent on the sonic velocity of the fibres and their mass-based energy absorption
capacity. In this section the author highlights some of the issues he noticed when performing
Cunniff’s analysis on the experimental data presented in this thesis.
Figure 5.66 presents the Omega curves for all fibres tested in this study at 250 mm gauge
length for two different strain rates. The 250 mm gauge length was selected based on the fact
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that it was the closest to the size of the investigated panels (300 x 300 mm). A high yarn
sonic velocity facilitates spreading the impact load throughout the panel quicker, and as a con-
sequence, the panel can dissipate more impact energy by deforming more globally. Therefore,
in the author’s opinion, the yarn gauge length used in the Cunniff analysis should be similar
to the actual size of the ballistic panel or to the size of the deformation observed in very large
panels.
Figure 5.66 shows that the strain rate effects in yarns influenced their Omega value (i.e.
the position of the point in the chart). Although both presented strain rates were in the static
regime, there was already a noticeable tendency of some of the yarns (Basalt, DyneemaR© HB26,
Nylon 6.6, VectranR© HT) to migrate towards the right corner of the chart as the strain rate
increased. It was also found that the gauge length used for the tensile yarn tests affected the Ω
value as well. The influence of the strain rate and gauge length on the Ω values of four selected
yarns is shown in Figure 5.67. These findings question the extent of simplification of the ballistic
event made in Cunniff’s dimensionless analysis - the analysis does not take into consideration
the strain rate effects and gauge length influence on the Omega values.
Table 5.7 presents the highest and the lowest Ω values calculated for all investigated yarns
and approximate values of the ballistic limits obtained from the data in Figure 5.69 (most of
these ballistic limits were already provided in the previous sections). The table shows that there
can be a large “spread” between the maximum and minimum Ω values (up to 138 m/s for ZylonR©
HM 3030 dtex). It remains unknown which value to use (Max, Min) for the Cunniff analysis.
Figure 5.68 presents the results of the dimensionless analysis (recall Equation 2.12) for the
materials investigated in this study. The three columns of the experimental points reflect the
difference in the areal densities of the four projectiles used, as the areal density of all panels
was the same. The column on the far right presents data for DyneemaR© HB26 impacted with
copper and steel 12.7 mm FSPs (these ballistic results were not described in any of the previous
sections). The projectile size was indicated in the legend only for DyneemaR© as all other ma-
terials were impacted with 20 mm FSPs. Due to insufficient amount of data it was impossible
to construct curves as in Cunniff [10]. The plotted points represent average from the Maximum
and Minimum Ω values shown in Table 5.7, whereas the error bars are the standard deviation
of the same values.
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The error bars show that the uncertainty associated with different Ω values (the V503√Ω spread)
calculated from the tensile yarn tests results at different strain rates and gauge lengths, is sub-
stantial. If this uncertainty is taken into consideration, it is apparent that Cunniff’s analysis
does not produce master curves, but master bands. Moreover, Figure 5.68 shows that the results
Table 5.7: The Ω values and the experimentally obtained ballistic limits for all tested fibres.
from trials with different projectiles are located on different V503√Ω levels on the chart. This is a
consequence of the materials responding differently to different projectile material. This allows
to presume that if one of the target materials was impacted with aluminium FSPs (which was
not investigated under this programme), a forth column would appear on the chart with again
different V503√Ω levels. If one imagines having more data in Figure 5.68 from trials with targets of
different areal densities and different projectile sizes (i.e. having a sufficient amount of data to
produce the actual curves), one would realize that for each projectile material type, most likely,
there would be a separate master curve.
It is possible that such observation was not made by Cunniff as the author used only “per-
fectly rigid” projectiles (made of steel and tungsten) [10]. The lack of this observation against
the vast amount of data presented in his paper, along with the results of this research, may
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suggest that this problem might be occurring only when using deformable projectiles e.g. made
of copper. Nevertheless, this observation shows that separate charts should be used for different
projectile materials (densities) in Cunniff’s dimensional analysis.
Figure 5.68: The Cunniff’s dimensional analysis chart for the materials investigated in the study.
During the ballistic trials three grades of TensylonR© were tested, which gave six different
ballistic limits (as a result of two projectile types). TensylonR© is an UHMWPE tape and the
very same tape is used for all TensylonR© grades. The difference between the grades comes from
the coating (or a thin layer) that is applied on one side of the tape during the manufacturing
process. The coating acts as a matrix that binds the layers together. Thus, the difference in the
ballistic performance of the investigated TensylonsR© came directly from the matrix and/or the
interface properties. This highlights another problem with the Cunniff’s dimensionless analysis
that is the fact that there is only one Ω value for all TensylonR© grades. The matrix properties
and the interface properties are not taken into consideration at all. Table 5.7 shows that the
TensylonR© Ω values are not far from the experimentally determined ballistic limits of TensylonR©
09. Nevertheless, the ballistic limit of TensylonR© 30A impacted with copper FSP is approxi-
mately 670 m/s, which is ∼150 m/s higher than the maximum Ω value and 178 m/s higher than
the minimum Ω value.
The results of the dimensionless analysis presented in Figure 5.68 suggest that, if there was
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no other difference between TensylonR© and DyneemaR©, one should use TensylonR© as it has
higher performance than DyneemaR© for a given ADtarget/ADprojectile ratio. This is however
not true, as the experimentally determined ballistic limits for DyneemaR© are higher than the
ones of TensylonsR© (see Table 5.7). TensylonR© was placed higher in the chart due to the fact
that the Ω value calculated from the yarn properties was lower, which overall gave a higher V503√Ω
ratio. This example shows that by not having the interlaminar shear properties included in the
analytical model, one can make wrong conclusions when drawing them solely from the scaling
law chart (Figure 5.68). This also indicates that Cunniff’s dimensionless analysis chart should
not be used for comparison of different materials, as it may provide incorrect conclusions.
Nevertheless, the comparison of the yarns Ω values presented in Figure 5.66 provided a
useful indication which fibres may produce composite materials of good ballistic performance.
The chart showed that the order of the best ballistic performance for the materials investigated in
this study would be (starting from the highest ballistic limits): DyneemaR©, TensylonR©, TegrisR©,
and S2 glass. Indeed the ballistic limits of these materials were in such order (see Table 5.7).
Therefore, it appears that it is only the scaling law chart (Figure 5.68) that is misleading.
To the author’s best knowledge, there is a general understanding in the scientific community
that in Figure 5.66 the yarns that give composites of the best ballistic performance are located
towards the top right corner, as the Ω bands have higher value there. The TensylonR© case
shows, however, that this presumption is wrong. TensylonR© tape had poor tensile properties
(∼1.5 GPa UTS, ∼1.5% StF) compared to DyneemaR© (∼2.9 GPa UTS, ∼2.2% StF) which
resulted in a low Ω value. The observed improvement of the ballistic properties of the third
iteration of TensylonR© (TensylonR© 31D is the latest product) was a result of the utilized matrix
system and the interface properties. This example highlights again that the yarn tensile prop-
erties (e.g. sound velocity, toughness) are not the only factors governing ballistic behaviour of
compliant composite materials and that wrong conclusions can be drawn when judging ballistic
performance of a composite solely based on the fibre/tape properties.
In summary, this subsection showed that the dimensional analysis proposed by Cunniff has
limitations and one should be very careful when drawing any conclusions based on it. It was
identified that:
• Strain rate effects and yarn gauge length may have huge influence on the Ω values.
• Only results for projectiles of the same density should be plotted in the scaling chart.
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• The analysis does not take into consideration the matrix system and interface properties:
– It is impossible to capture properly materials made of the same reinforcement but
different matrix systems (e.g. TensylonR©)
– It is possible to draw misleading conclusions from the scaling chart (e.g. TensylonR©
versus DyneemaR© case).
• Different materials should not be plotted on one scaling chart for comparison purposes, as
this may result in drawing wrong conclusions
• Sonic yarn velocity versus Mass-based energy absorption capacity of the fibre chart pro-
vides a useful indication of which fibres might perform well in a composite armour laminate.
The other factors which are not taken into consideration in Cunniff’s analysis and that were
not discussed in this section are: non linearity of yarns stress-strain curves obtained from tensile
tests, hydrodynamic behaviour of materials during high velocity impact events, compressibility
of the materials, shear response of the front part of the material, increase of the effective area
of the deformed projectile (e.g. copper FSP) in contact with the target.
Therefore, it fair to state that Cunniff’s analysis might be applicable only to thin samples,
impacted in a narrow velocity range, which act during the impact event solely as a membrane.
5.10.6 Ballistic performance comparison of the tested materials
Figure 5.69 and Figure 5.70 presents the ballistic curves and the percentage reduction of the
striking velocity, respectively, for all tested materials and the two projectile types investigated in
this study. Figure 5.69 shows also five velocity limits, denoted as Level I, II, III, IV and V. These
are protection levels for the 20 mm Fragment Simulating Projectiles as specified by STANAG
4569 [113] standard. Although the amount of firings per material type was not sufficient for
obtaining the V50 limits for each material according to the STANAG standard guidelines, the
data was sufficient for a rough, relative comparison of the materials performance.
It was observed that for the specified areal density (23.5 kg/m2) none of the steels and bulk
polymers (some of which had even higher areal density) met the protection Level I. It appears
that almost all composite materials, excluding TegrisR© and S2 Glass, met the protection Level
I, while some of them potentially reached Level II (GoldshieldR©, TensylonR© 31D) and Level III
(DyneemaR© HB26, SpectraR© 3124 ). The word ”potentially” was used as these are only
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presumptions based on the limited (and insufficient for the proper V50 comparison) data gener-
ated in this study. Moreover, it is reminded that edge effects were present in all tests employing
composite materials. Thus, the ballistic curves of these materials could be different, if a larger
panel size was used (e.g. 1 m2) or smaller projectiles were used (e.g. Caliber-.22 FSP). Figure
5.69 shows that the ballistic performance of a bulk Polycarbonate and TegrisR© is very similar
to the performance presented by the two ArmoxR© steels. Also, the ballistic curve for the three
isotropic polymers, TegrisR©, and the S2 Glass is almost the same for the striking velocities higher
than 550 m/s, whereas for the firings above 900 m/s striking velocity, all ballistic curves regard-
less of the material type (steel, polymer, composite) and the projectile material were almost the
same. Figure 5.70 shows that at these two striking velocity thresholds (550 and 900 m/s) the
two groups of materials enter a ”zone” in which their reduction of the striking velocity is less
than 20% and their response (the slope of the curve fitting the experimental points in Figure
5.70) is almost the same. This may indicate that at these two velocity thresholds there is a
change in the nature of certain energy dissipating mechanisms in the materials or the existing
ones observed at lower velocity impacts do not have the sufficient amount of time to originate (or
to grow sufficiently). Taking into consideration the fact that above these threshold points the
reduction of the striking velocity was almost the same for all materials, it is fair to presume that
the materials behaviour in these velocity regimes must have been governed to a larger extent
by their hydrodynamic properties than when they were impacted at lower striking velocities.
It is reminded that one of the definitions of the “hydrodynamic” behaviour is that it occurs
when the applied pressure is at least an order of magnitude greater than the strength of the
material. All of the materials from the 900 m/s threshold group had higher ultimate tensile
strength then the materials in the 300 m/s threshold group. Nevertheless, the latter included
Vectran fabric infused with an epoxy resin (i.e. a fabric made of a very strong fibre, ∼ 3 GPa
UTS), which indicates that if a high tensile strength yarn does not have an ability to (i.e. is
restrained by a brittle and stiff matrix) exhibit its strength, the material may perform poorly.
The same Vectran fabric but with a thermoplastic (ductile) resin had approximately 220 m/s
higher ballistic limit and was in the 900 m/s threshold group.
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5.10.7 Relationship between ballistic performance of composites and prop-
erties of fibres used as their reinforcement
In the previous two sections it was shown, via the Tensylon and Vectran examples, that the
composite matrix system played a crucial role in the ballistic performance of the materials. In
this section the influence of fibre properties on the ballistic performance of a composite reinforced
with the fibre is further assessed.
Figure 5.71 presents relationship between the ballistic limits of the tested materials (the
data was taken from Table 5.7) and the mechanical properties of the fibres (data taken from
Chapter 3). The figure shows that, in general, the stronger the fibre the higher the ballistic
limit. However, if the matrix system does not allow the strong fibre to dissipate the impact
kinetic energy (i.e. does not allow for large lateral deformations), the ballistic performance
might be poor, which was the case of both Vectran HT and the S2 Glass reinforced with stiff
and brittle epoxy matrix. As it was already mentioned, the very same Vectran fabric reinforced
with a compliant and ductile thermoplastic resin showed much better ballistic performance. It
is noted that the performance of this material could still be improved as 3x3 basket weave fabric
was used, whereas all other high performance composites (Dyneema, Tensylon etc.) were a
unidirectional cross-ply laminates - the layup known of providing better ballistic performance
than woven fabrics. Figure 5.72 compares deformations of the woven Vectran composite with
epoxy matrix with the one with thermoplastic matrix, and with deformation of Dyneema. It is
observed that the thermoplastic matrix allowed for larger lateral deformation of the panel prior
and after the penetration than the thermoset matrix, but still not as large as Dyneema one.
The influence of modulus is not clear. Although, it appears that the fibres of higher modulus
had higher ballistic limits, the three materials reinforced with stiff epoxy resin had lower ballistic
limits, which again points out towards the importance of matrix system.
No clear trends were observed also in the case of the fibre strain to failure influence and fibre
toughness influence. It was noted that the S2 glass, Vectran HT, and Tegris had higher strain
to failure than Dyneema or Tensylon, but worse ballistic performance. However, the difference
between the S2 glass, Vectran and Dyneema StF values was small. The Tensylons had almost
four times lower toughness than Dyneema and Vectran, however their ballistic limits were lower
than the Dyneema one, while higher than both Vectran limits.
In summary, the presented data strengthened further observation that matrix properties play
crucial role in the ballistic performance of composite materials. It was shown that poor
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ballistic performance may be observed even for composites reinforced with high tenacity fibres
when matrix system does not allow to take advantage of the fibres strength. The influence of
the matrix system on the ballistic properties was especially notable in Tensylon case, where
the same type of reinforcement was used for all three grades (according to the authors best
knowledge), while different resin systems were used, which gave three different ballistic limits
for each projectile type.
Figure 5.72: High speed video snapshots showing deformation during impact at approximately
800 m/s of: a) Vectran HT + Epoxy; b) Vectran HT + Themoplastic resin; c) Dyneema HB26.
5.11 Publications
The work presented in this chapter resulted in the following publications:
1. C´wik T. K., Iannucci L., Curtis P., and Pope D. Ballistic performance of Armox 370T
and Armox 440T steels subjected to 20 mm FSPs impact. Submitted to the International
Journal of Impact Engineering, 2012.
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2. C´wik T. K., Iannucci L., Curtis P., and Pope D. Investigation of ballistic performance of
Ultra High Molecular Weight Polyethylenes. To be submitted to the International Journal
of Impact Engineering, 2012.
3. C´wik T. K., Iannucci L. Highly Instrumented Ballistic Testing of High Performance Com-
posite Materials. Vision Research, 2012. Available at: http://www.visionresearch.
com/uploads/docs/casestudies/CS_WEB-DIC2.pdf
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Chapter 6
Design of novel hybrid materials for
composite armour systems
The previous chapter provided information regarding dynamic response of various monolithic
(i.e. non-hybrid) materials subjected to high velocity impacts. This chapter presents two studies
which aimed to use that knowledge to design material of improved ballistic performance. It is
believed that further improvement in the ballistic/blast behaviour can be achieved by designing
hybrid composite materials. The first study focused on mimicking behaviour of high performance
Aligned Polymer Composites (APC) in a material known for a very poor ballistic performance,
while the second study focused on design of cost-effective hybrid, armour-grade laminates.
6.1 Investigation of ballistic response of CFRP composites of
various non-conventional reinforcement architectures
A number of commercially available, high performance, ballistic grade composite materials
are characterized by a large flexibility and a low weight. Nevertheless, the costs of these solutions
remain very high. Composite materials reinforced with carbon fibers are relatively cheap, but
brittle, when compared to ballistic grade materials reinforced with high-tenacity fibers. However,
it is known that properties of a composite material are not only dependent on its constituents,
but also on the reinforcement architecture. In this section results of ballistic tests done on
carbon fiber reinforced panels of various architectures are presented. Novel, non-conventional
layups were introduced to mimic the low interlaminar shear strength characteristics of armor
grade Ultra High Molecular Weight Polyethylene (UHMWPE) panels. The research consisted
of two phases: Phase I focused on identifying ballistic performance of various concepts, whereas
conclusions from the Phase I were implemented in the Phase II of the research.
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Phase I concepts
The following six different concepts (layup architectures) were designed in order to identify
the most effective way of reducing friction between the uncured carbon fiber plies (see Figure
6.1):
1. Cured - a typical cured carbon fiber prepreg laminate, used as the reference material.
2. Uncured concept - samples were made of uncured carbon fiber plies stacked together and
immediately tested.
3. Partially Cured concept - carbon fiber prepreg plies were left separately for a week at room
temperature (20oC), then stacked and tested.
4. Modified Uncured with Spacers concept - each two uncured carbon fibre plies were sep-
arated by a frame made of carbon fiber stripes around the perimeter of the panel. The
stripes had a width of 10 mm. The idea behind this concept was to verify whether the
following statement is true and applicable to an armor made of UD prepreg laminates: a
“multi-ply fabric body armour system should fail at lower impact velocities than a collec-
tion of a single-ply fabrics” [114].
5. Modified Uncured with one ply of PTFE film concept - in this concept each two carbon
fibre prepreg plies had a PTFE film in between. It is noted that the PTFE layers were
smaller than the CF plies, of approximately 100 x 60 mm size, thus the CF plies were still
in contact at the edges.
6. Modified Uncured with two plies of PTFE film concept - the same as above but with two
plies of PTFE.
Additionally, specimens made of stacked, unconsolidated DyneemaR© HB26 prepreg, and stacked,
uncured carbon fiber reinforced PEEK prepreg laminate were tested. The Cured carbon fiber
composites (T800/M21) and hot-pressed DyneemaR© HB26 panels were used as a benchmark.
Specimens had either a unidirectional (UD) or cross-ply (X-ply) layup. Two experimental tests
were performed. First, on specimens of Constant Areal Density (CAD) based on 3 mm thick
DyneemaR© HB26 of 2.91 kg/m2 areal density; and another where all specimens were approxi-
mately 3 mm thick. All CAD specimens had X-ply layup. Up to seven specimens of each type
were tested.
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Figure 6.1: Schematic diagram of the investigated carbon fiber concepts.
Experimental setup - Phase I
An instrumented single stage gas gun was used for ballistic testing. The residual velocity
was measured using a high-speed camera. Specimens were fully clamped on four sides using a
support fixture which was designed according to Boeing standard [115]. Tested specimens had
150 x 100 mm size, however the effective impact area was 125 x 75 mm. The specimen was
sandwiched between two halves of the frame, which were connected by bolts. The bolts were
fastened just to hold the specimen in the place, but not to compress it, so that the specimen
was to be held by friction (had ability to slip out). 6 mm diameter steel balls (m=0.887 g) were
used as projectiles. Striking velocities ranged from 150 to 450 m/s. The residual velocity was
obtained from a Phantom V12 high speed camera.
Experimental results and discussion - Phase I
The theoretical ballistic limit was estimated using the analytical model developed by
Recht & Ipson [77], which was previously used for the Armox steels in section 5.5. Figure 6.2
summarizes ballistic performance of all concepts. DyneemaR© HB26 specimens were only partially
penetrated at 450 m/s impact velocity, whereas all carbon fiber specimens and DyneemaR©
prepreg specimens were entirely penetrated at this velocity. It was found that among carbon
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fiber specimens of CAD the Partially Cured concept yielded the best ballistic results (dissipated
the largest amount of energy). High speed videos (see Figure 6.3c) showed that on impact
substantially larger amount of fibers were involved in dissipating energy compared to other
Uncured concepts (see Figure 6.3b). It is believed that the superior performance of the concept
is related to lack of tackiness between plies, which allows for less constrained lateral movement
of the primary yarns. The thermoplastic PEEK specimens turned out to have poor ballistic
performance. However, it should be noted that the PEEK plies were much thinner and brittle
in the intraply plane than the other carbon fiber plies used in the study. The brittleness might
have affected the performance. The DyneemaR© prepreg specimens were almost totally drawn
out from the clamps, whereas the hot-pressed DyneemaR© samples remained within the clamps.
Figure 6.4 presents the amount of energy dissipated by each panel type. It is noticeable that
Figure 6.2: Ballistic curves for the CF concepts of constant areal density.
any uncured concept dissipated more than twice the energy dissipated by a standard, cured
carbon fiber panel. The study indicates that presence of a single PTFE ply between CF plies
degrades the ballistic performance of panel, compared to the other uncured concept with PTFE
plies. The concept with two PTFE plies dissipated similar amounts of energy as the Uncured
concept. Among specimens of constant thickness, the Modified Uncured concept with one layer
of PTFE film (X-ply) dissipated the largest amount of energy (see Figure 6.5). Similar ballistic
performance was presented by the Uncured (X-ply) concept. Due to difficulties with estimating
mass of post-impact debris it was impossible to produce the VS vs. VR curves. It was noticed
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Figure 6.3: High speed video snapshots showing back face deformation of specimens of CAD,
from the left: a) Dyneema HB26; b) the Uncured concept; c) the Partially Cured concept .
Figure 6.4: Energy dissipation for concepts of constant areal density.
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that a similar amount of energy was dissipated by the Cured (UD), Uncured (UD), Modified
Uncured with spacers (UD), and Cured (X-ply) concept. The Modified Uncured with spacers
(UD) concept showed similar ballistic performance to the other three concepts while having fewer
plies. Thus, it is envisaged that if the same amount of plies was used for all four concepts, the
Modified Uncured with spacers (UD) would dissipate the largest amount of energy. Therefore,
the results seem to confirm the statement from reference [114].
Figure 6.5: Energy dissipation for concepts of 3 mm thickness.
Conclusions of the Phase I
The Phase I of the study confirmed the ballistic performance supremacy of DyneemaR©
HB26 over the carbon fiber panels. However, it has been shown that it is possible to improve
ballistic behaviour of composites made of standard CF prepreg tape. The Partially Cured sam-
ples dissipated more than double the energy dissipated by a standard CF cured X-ply laminate.
The Modified Uncured with spacers (UD) showed similar ballistic performance to the other con-
cepts, while utilizing substantially less material. The observed results and drawn conclusions
are similar to the ones by Karthikeyan et al. [74]. The panels they investigated were circular
in shape, had areal density twice higher than the one used in this study, but were impacted
with much larger projectiles as well (12.7 mm diam. chrom steel spheres of 8.3 g mass). The
authors noted that the uncured CF laminates had three times higher ballistic limit than cured
laminates, but were still inferior to Dyneema HB26 and HB50 performances.
In conclusion, it has been shown that, it is possible to further tailor architecture of CF panels
in order to obtain improved ballistic performance; and that panel weight reduction is achievable
while maintaining its ballistic performance. Moreover, the lack of heat treatment requirement
for production of the Uncured concepts results in cost and production time savings.
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The Phase I indicated that further research should focus on the Partially Cured concept and
on ballistic trials of the Modified Uncured with spacers concept. Although Phase I provided
important information about various carbon fiber reinforcement concepts, due to the small
specimen size and the rig used, it was decided to increase specimen size in the Phase II trials in
order to investigate influence of edge effects on the results.
Phase II concepts
The following four concepts were selected for the Phase II trials: the Uncured, the Par-
tially cured, the Uncured with two spacers, the Uncured with four spacers. It was decided
to conduct the ballistic trials on specimens with two and four spacers in order to determine
whether entrapped air between plies (the Uncured with four spacers) provides better ballis-
tic performance than an open gap between plies (the Uncured with two spacers). Additionally,
stacked DyneemaR© HB26 prepreg specimens were tested. All specimens had CAD of 1.94 kg/m2
based on the reference 2 mm thick hot-pressed DyneemaR© HB26. The thickness of the reference
material was reduced in order to achieve complete penetration at the striking velocities of less
than 500 m/s. The carbon fibre prepreg used for all Phase II specimens was approximately
twice heavier (areal weight) than the one used in Phase I (due to lack of the material initially
used for Phase I research). Thus, the number of plies in each type of specimen was much lower.
On average, the carbon fiber specimens in Phase I had approx. 15 plies, whereas the specimens
in Phase II only 4 plies. The fiber type, the matrix system, and fiber volume fraction remained
the same.
Experimental setup - Phase II
A new type of rig was designed for the Phase II testing, which allowed for using specimens
of 200 x 150 mm size. The effective impact area remained 125 x 75 mm. Similarly to the Phase
I tests, specimens were installed in the rig in a way which allowed them to slip out.
Experimental results and discussion - Phase II
The Phase II ballistic curves are presented in the Figure 6.6. It can be seen that the
ballistic performance of different carbon fiber concepts is almost the same and in general poor.
The author believes that this lack of difference in performance between the concepts is a result
of having very low number of plies- most likely the interaction between a large number of
carbon fiber plies was responsible for the improved ballistic performance observed in some of
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the concepts in Phase I. It appears that this type of energy dissipation mechanism did not occur
in the Phase II concepts. Regarding the prepreg DyneemaR© specimens and the hot-pressed
DyneemaR© specimens, they presented similar ballistic performance, however while the curve fit
for the DyneemaR© prepreg matches the points very well, this does not happen in the hot-pressed
DyneemaR© case. The curve fit for the hot-pressed DyneemaR© should be much steeper in order to
fit the points, which indicates that the curve fitting model used in this study has its limitations,
and that the hot-pressed DyneemaR© has probably better ballistic properties than stacked prepreg
of the same material. Figure 6.7 presents snapshots showing failure of a representative specimen
Figure 6.6: Ballistic curves for the Phase II concepts.
for each concept. The Uncured concept is not presented herein as its failure behavior was
similar to the Partially cured concept. In general, all carbon fiber specimens did not have an
impact cone, and the deformation was localized to the impact area and to the width of the
primary yarns involved in the deformation. Deformation of the Uncured specimens, majority of
Partially cured specimens, and of the Uncured with four spacers specimens was limited to the
effective impact area – deformation was arrested at the clamps’ edges; whereas deformation of
the Uncured with two spacers specimens, and of some of the Partially cured specimens reached
the specimen boundaries (see Figure 6.8). In the Uncured with two spacers concept, the spacers
run along the length of the specimen, thus the primary yarns running in a horizontal direction
were able to deform along all its entire length during the impact, which is shown in the Figure
6.8b. It is believed that the discrepancy in the deformation of the Partially cured specimens
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was caused by variability in clumping conditions (operator dependent). Figure 6.7 shows that
in the last phase of penetration (the bottom row) of the Partially Cured specimens and of the
Uncured with two spacers specimens yarns lying inside the specimen were drawn out, while
the back face yarns failed in tension. This phenomenon did not occur during penetration of
the Uncured with four spacers specimens. Thus, taking into consideration the fact that the
Partially cured specimens had the best ballistic performance in the Phase I, it is envisaged that
Figure 6.7: High speed video snapshots showing penetration of the Phase II specimens, from the
left: a) the Partially Cured concept; b) the Uncured with two spacers concept; c) the Uncured
with four spacers concept; d) Dyneema HB26 prepreg; e) hot-pressed Dyneema HB26.
the Uncured with two spacers would have better ballistic performance than the Uncured with
four spacers concept if a lighter prepreg (more plies) was used in the study. The high speed
videos of the DyneemaR© samples showed that DyneemaR© fibers did not fail in tension during
penetration. It appears that although the impact deformation was very localized, the lateral
movement of the DyneemaR© fibers was less restricted (see second last row of the Figure 6.7) than
the movement of the carbon fibers, and therefore the DyneemaR© fibers did not fail in tension.
In the second last row of the Figure 6.7e it is shown that a bundle of fibers is being drawn out
by the ball bearing after the sample penetration. The Ultimate Tensile Strength of the carbon
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Figure 6.8: Post-impact photo of: a) the Uncured specimen; b) the Uncured with two spacers
specimen.
fiber prepreg used in this study was 2.7 GPa [116], whereas the strength of DyneemaR© fiber is
believed to be 3.7 GPa. The authors believe that the lower tensile strength of the carbon fiber
prepreg is only partially responsible for the worse ballistic performance. The carbon fiber prepreg
had a thermoset matrix, whereas the DyneemaR© had a thermoplastic matrix. The former is
characterized by strong bonds of cross-links which restrict movement of polymer chains; whereas
polymer movement in thermoplastics is only restricted by weak van der Waals bonds and the
polymer chain entanglement. Moreover, the fiber volume fraction (Vf) of the prepreg was 0.56,
whereas for the DyneemaR© it is believed that the Vf was not less than 0.85. It is worth noting
that deformation of the prepreg DyneemaR© samples was slightly different to the hot-pressed
DyneemaR© samples. Figure 6.7 shows that although the deformation of the two DyneemaR© is
similar at the initial stages of penetration, the deformation of the hot-pressed DyneemaR© samples
is more global at the later stages of the penetration. This indicates that matrix shear strength
of the hot-pressed DyneemaR© was higher than the one of the prepreg material. Moreover,
high speed videos showed much greater spatial deformation of the DyneemaR© prepreg samples
compared to hot-pressed DyneemaR© panels. This strengthens the importance of having an
optimum shear strength of the matrix system and indicates that the kinetic energy dissipation
during the characteristic large deformation seen in impacted DyneemaR© panels does not come
solely from the impact cone formation (which is dependent on the fiber modulus via fiber sound
speed, that is equal to the square root of specific modulus) but also from shear strength of the
matrix. The authors believe that optimum shear strength of the matrix facilitates large spatial
deformation via distribution of the applied load among fibers which dissipate the energy by
straining. It appears that the large deformation experienced by the prepreg DyneemaR© samples
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was not a result of a substantial fiber straining, but more of a global lateral deformation of
separate layers.
Conclusions of the Phase II
The Phase II of the study showed how important for a composite aiming at mimicking
low interlaminar shear strength of UHMWPE is to have sufficient number of plies. It appears
to the authors that in order to further improve ballistic performance of the investigated carbon
fiber concepts, the composite should have lower interply and intraply shear strength, sufficient
amount of plies, and a higher fiber volume fraction, characteristic for ballistic-tailored com-
posites. Additionally, the study emphasized the importance of shear strength in DyneemaR©
panels.
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6.2 Design and ballistic performance of hybrid composite lami-
nates
The results presented in this section come from a study which aimed to identify whether
it is possible to improve ballistic performance of commercially available high performance ma-
terials by hybridizing them with other materials, and whether it is possible to design hybrid
laminates which have the same ballistic performance as the materials available on the market,
but substantially lower material costs.
6.2.1 Hybrid design
The aim of the presented research was to develop a hybrid composite laminate of improved
ballistic performance, compared to an armour grade Aligned Polymer Composite (e.g. Dyneema,
Spectra etc.), which was selected as the reference material. It was also specified that the research
goal would be also attained, if a laminate of a similar ballistic performance but substantially
lower cost than the reference APC was designed.
In this study it was assumed that the front part of the reference APC panel does not take
great advantage of the expensive, high performance fibres it is made of, as typically the material
in this region is sheared by the projectile and it experiences hydrodynamic behaviour during
the impact event, if a sufficiently high pressure is applied. Thus, if this assumption is true, the
front part of the APC could be replaced with a material of similar hydrodynamic and mechani-
cal properties (e.g. shear strength, compressibility), and the ballistic performance of the panel
should stay the same. However, if this assumption is not valid, the hybrids should show worse
ballistic performance (i.e. higher residual velocity) than the reference APC.
It was unknown before the study where exactly the boundary between the front part and the
rear part of the APC lies, hence a number of hybrids were designed to provide some indication on
the optimum value of this ratio. Also, some of the hybrid designs were inspired by the research
described in the previous section, which showed that dry carbon fibre prepreg plies have better
ballistic behaviour than cured laminates of the same areal density.
Almost all tested panels were 250 x 250 mm. The nominal areal density was the same
as for all tested panels presented in the previous chapter, 23.55 kg/m2. Nevertheless, small
deviations from this value occurred due to difficulties with obtaining certain constituents in
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required dimensions. Different laminates were manually adhesively bonded to each other only
at the edges of the panel i.e. there was a thin air gap at the center of the panel between the
different layers. The influence of the air gap on the panel performance is beyond the scope of
this research. It was assumed that the gain (or loss) in terms of the ballistic performance should
be sufficiently high to neglect the influence of the air gap.
Concepts
Seven different materials were used to create 20 different hybrid concepts, which are pre-
sented in Figure 6.9. The APC, that was used as the backing layer of each hybrid, is depicted
as a white rectangle, while every other material was given a specific colour. The influence of
material weight ratios was investigated in some cases. The different weight ratios were indicated
in Figure 6.9 by the percentage values written on the particular material (colour).
Figure 6.9: Schematic diagram of hybrid laminate designs investigated in this study.
Reference APC - Dyneema HB26 was selected as the reference material.
Concept 1 - Ultra High Molecular Weight Polyethylene (UHMWPE) + APC, Concept 2 -
Polypropylene (PP) + APC - these two concepts aimed to identify how much of the mate-
rial that can be replaced (the front part) in any high performance, armour grade composite
material i.e. whether there would be a drop in the ballistic performance, if too much of the front
part of the reference material was replaced. Both UHMWPE and PP have a similar equation
of state to Dyneema HB26, as it was shown in section 5.6, and therefore should respond to
the shock loading in a similar manner. It is important to highlight also that the price of each
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counterpart was substantially lower than the price of the APC.
Concept 3 - Tegris + APC - this concept, similarly to the previous two, served the purpose
of identifying how much of the APC can be replaced with a cheaper counterpart. Tegris, how-
ever, is a higher performance material compared to amorphous UHMWPE or PP and is actually
used in armour systems. On the down side, it is more expensive than the other two materials.
This hybrid ought to identify whether it is worth using a higher performance material as the
front face of a hybrid composite armour system.
Concept 4 - Aluminium + APC - a low grade aluminium was utilized in order to identify
whether materials with a certain type of Equation of State (EoS) in the P-up plane provide
better ballistic performance than others. Aluminium also has a higher sound speed and shock
velocity than the reference APC in the transverse direction, hence, theoretically, it should dis-
tribute the shock applied on impact faster in the through thickness direction than the APC,
UHMWPE or PP. Moreover, aluminium is a structural material currently used in vehicles and
aircrafts. A successful aluminium-APC hybrid having the same ballistic performance as the ref-
erence 100% APC, could potentially facilitate further mass reduction in armoured vehicles and
aircraft, by having dual functionality: structural and protective. The 35% Alu hybrid had the
same areal density as the reference APC, whereas the 66% Alu hybrid had the same thickness
as the reference.
Concept 5 - UHMWPE + dry CF + APC, Concept 6 - PP + dry CF + APC, Concept 7 -
Tegris + dry CF + APC - As it was observed in trials with Dyneema HB26 and Spectra 3124,
in some cases there was a very localized transition region between the front part of the panel
and the membrane region. The presented three concepts were designed in order to investigate
whether it is possible to alternate damage mechanisms in this transition region by replacing
the middle part of the panel with some other material. A dry carbon fibre (CF) fabric with
fibres running at ±45 deg. was selected, based on the promising ballistic results described in
the previous section.
Concept 8 - PP + dry Aramid + APC, Concept 9 UHMWPE + dry Aramid + APC - the
two concepts had the same purpose as the previous three but in this case a higher performance
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material was used as the middle part insert. The dry Aramid fabric was cheaper then the APC.
6.2.2 Experimental setup
The conducted trials were meant to identify very quickly the ballistic performance of a
number of hybrid concepts with as little financial investment as possible. Therefore, only one
shot was fired for each concept, at about 1 km/s. It was assumed that a hybrid had to have a
substantially better ballistic performance (lower residual velocity) or be substantially cheaper
while maintaining the same ballistic performance than the reference APC, in order to be selected
for further development.
The trials involved 20 mm diameter copper Fragment Simulating Projectiles (FSPs) that
were fired by a powder gun at a normal angle to the surface of the panels. The effective impact
window was 200 x 200 mm for all tested panels. It was observed that the extent of the panels
deformation reached the edges of the clamps, hence the edge effects might have influenced the
results. Nevertheless, the setup was consistent throughout the trials which allowed for a relative
comparison between the panels.
The experiments were captured by Vision Research high speed cameras (Phantom V16,
Phantom V711, and Phantom V12). Due to the fact that the results were generated during trials
separated in time, different high speed cameras were used for the contactless measurements.
6.2.3 Results and discussion
Ballistic performance
The relative ballistic performance comparison between the hybrids was made by normal-
izing the ballistic performance of a given hybrid with respect to the reference material. The
following equations were used:
NBPreference = (1− VRref
VSref
)× 100 (6.1)
NBPmaterial =
(1− VRmat
VSmat
)× 100
NBPreference
(6.2)
where NBP stands for the normalized ballistic performance, and VS and VR denotes the striking
and the residual velocity, respectively. Figure 6.10 presents the ballistic comparison.
The results show that it is possible to improve the ballistic performance of the APC by
replacing in a specific manner the front part of the APC with a suitable counterpart. The
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Figure 6.10: Normalized ballistic performance of the hybrid panels.
UHMWPE hybrids and the PP hybrids showed that replacement of up to 33% of the front part of
APC with cheaper polymers resulted in hybrids of similar or improved ballistic performance (up
to 16% improvement). However, the 22% UHMWPE hybrid and the 13% PP hybrid had slightly
worse ballistic performance than the reference APC. Potentially, this discrepancy indicates that
the air gap between the two parts played some role. The replacement of a substantial part of
the APC with UHMWPE (60%) or with Tegris (65%) gave hybrids that had 30% worse ballistic
performance than the reference APC. This indicates that there is an optimum ratio between the
front part of the APC that can be replaced with other material, and the APC’s rear part which
acts as a membrane. The replacement of the front 20% of the APC with Tegris resulted in a
hybrid which had 59% better NBP than the reference APC - this hybrid had the best ballistic
performance in this study.
The 35% Aluminium hybrid showed slightly better NBP than the 100% APC, whereas the
67% Aluminium hybrid, which had the same thickness as the reference APC, had slightly worse
NBP than the APC. Although the ballistic gain of the former was not substantial, these result
indicated that it is possible to design an aluminium-APC hybrid with almost the same ballistic
performance as the 100% APC but with a certain structural capability.
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It was found that the insertion of dry carbon fibre fabric between the APC backing and
the UHMWPE (or PP or Tegris) front part resulted in hybrids characterized by a substantially
worse ballistic performance (20-25%) compared to the reference material. The UHMWPE (21%)
+ dry CF (7%) + APC hybrid noted slightly improved ballistic properties, however more tests
should be conducted to confirm this result. Figure 6.11 shows the “signature” of the dry carbon
fibre on the APC. The layer of the carbon fabric around the impact area turned into a carbon
powder. It appears that the carbon fibres failed in a brittle manner. It was observed also that
the APC backing was drawn-in, which indicates that the part was acting as the backing. The
20% PP + 7% dry aramid hybrid showed, however, 18% improvement in the NBL. The employed
dry aramid was torn and substantially distorted but not powderized. The APC material bulged
outwards (see Figure 6.12), compared to the APC in the hybrid with dry carbon fibres. This may
indicate that either a certain part of the APC still acted as a front part (while it is supposed
to be the backing only), or that the internal damage mechanism was altered by the hybrid
design. The hybrid with the UHMWPE front and the dry aramid insert showed marginally
worse ballistic performance than the APC. In general, these results provided a strong indication
that it is possible to change damage mechanism in the middle part of a three-part hybrid panel.
Figure 6.11: Photo of the inner surface of
the APC that was in contact with the dry
CF. Figure 6.12: Photo of the aramid-APC interface.
The measurement of the hybrid post-impact weight loss showed that the hybrids with thin
UHWMPE fronts (22%, 25%, and 33%) lost on average 3.7 grams, whereas the 60% UHMWPE
hybrid lost 20 grams. It was difficult to measure the weight loss of the PP hybrids precisely,
197
as not all broken elements were found. It is presumed that the PP hybrids lost between 10 to
40 grams of the initial mass. The Tegris hybrids lost on average 15 grams, while the 35% Alu
hybrid lost 22 grams. The hybrids with dry carbon fibre inserts and PP (or UHMWPE) fronts
lost 6 grams on average.
Front face deformation
The analysis of the front face panel deformation showed that different fronts react in a
different manner to the projectile impact. Figure 6.13 shows snapshots from high speed videos
for four different hybrids. The flash at the initial contact between the panel and the projectile
was observed during all experiments. The first column presents deformation in time of the
APC. A detailed description of front face deformation of the APC was given in Section 5.8. The
UHMWPE hybrid (shown in the second column in Figure 6.13), on impact, ejected a certain
amount of material from the impact area. During the impact, the initial circular hole deformed
into an ellipse while the material was being ejected (where the major ellipse radius ran in the
direction of the projectile chiselled surfaces - the same direction as the flash direction) and later
it went back again to the circular shape. This observation appeared to be similar to the one made
on amorphous UHMWPE described in Section 5.6. Due to the fact that the UHMWPE was
only bonded at the edges of the panel, the material experienced various bending modes, which
was observed in later stages of deformation. Hybrids with a polypropylene front face initially
experienced a similar type of deformation as the UHMWPE fronts (ejecta etc.) but after a while
multiple cracks propagated away from the impact point, resulting in a total disintegration of the
PP front part. It is presumed that either a low bending strength of PP or a phase transformation
were responsible for the catastrophic failure. It was observed that during the deformation of
the Tegris hybrids, once the projectile went into the panel, a circular bending wave propagated
away from the impact point. The propagation of the wave is shown in row three of the last
column of Figure 6.13.
Back face deformation
The high speed videos of the rear face of the tested panels showed that different hybrids
deformed differently during the impact event. The back face deformation of six hybrid panels is
presented in Figure 6.14. The figure shows an instance of deformation which took place approx-
imately 60 µs after the initial contact between the projectile and the panel front surface. The
impact window observed in the figure around the perimeter of the panels (the dark/black area)
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Figure 6.13: Snapshots of the front face deformation of different panels during impact. In
columns, from left: APC, UHMWPE, PP, Tegris.
was 200 x 200 mm.
A diamond-shape deformation of the Reference 1 material was observed (see Figure 6.14a).
The debonded vertically running primary yarns indicate that the projectile was about to com-
pletely penetrate the panel at that instance of time. The deformation of UHMWPE (25%) +
APC hybrid had more an eye shape. It appears that the area involved in the deformation was
greater than the deformed area of the Reference 1 material, which would explain why the hybrid
had better NBP than the reference material. The extent of the hybrid drawing in effect ob-
served throughout the entire experiment (not shown in here) was also greater for the UHMWPE
hybrid. The PP (21%) + dry CF (7%) + APC hybrid, which noted the worst Normalized
Ballistic Performance, was characterized by a circular in shape deformation. A similar type of
deformation was observed for the PP (21%) + dry Aramid (7%) + APC hybrid, which had 18%
better NBP than the reference APC. At the measured instance of time, the panel was just about
to be penetrated by the projectile and the deformed area appeared to be of similar size as the
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Figure 6.14: High speed video snapshots of the back face deformation of: a) Reference 1; b)
UHMWPE (25%) + APC; c) PP (21%) + dry CF (7%) + APC; d) Tegris (19%) + APC; e)
Tegris (60%) + APC.
deformation of the reference material. A circular shape deformation was observed also for the
Tegris hybrids. At the measured instance of time, Tegris (60%) + APC hybrid was about to be
completely penetrated.
Projectile deformation
A typical deformation of a 20 mm copper FSP which impacted the reference APC is shown
in Figure 6.15a. The deformation has a dome-like shape and the parts of the projectile that
initially were the chiselled surfaces deformed further down than the other edges of the projectile
tip. The projectiles that impacted hybrids with the UHMWPE fronts seem to deformed slightly
more than the the projectile that impacted the reference material. The deformation was more
rectangular in shape (see Figure 6.15b). The shape of deformation of the projectiles that im-
pacted hybrids with PP fronts (not shown in here) was less rectangular than the deformation of
the projectiles that impacted the UHMWPE hybrids, but not as spherical as the deformation
of the projectile which impacted the reference material. The deformation of the projectiles that
impacted other hybrids varied depending on the panel architecture. No particular trends were
observed.
The projectiles that impacted the hybrid panels lost, on average, 1 gram of mass, whereas
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Figure 6.15: Images of the deformed copper projectiles that impacted: a) 100% APC; b)
UHMWPE (25%) + APC; c)PP (20%) + Aramid (7%) + APC .
the projectile that impacted the reference panel lost 1.9 gram.
6.2.4 Conclusions
The presented study showed that it is possible to improve the ballistic performance of com-
mercially available Aligned Polymer Composites by hybridizing them with other materials. The
improvement in ballistic performance was achieved by replacing the front part of the APC with
a substitute. While it was found that it is possible to replace the front part of an APC with a
cheap substitute without any loss in ballistic performance, some of the hybrids with these cheap
substitutes yielded even better ballistic results than the reference material. The results showed
that a bulk UHMWPE is a good substitute for the APC front. Although replacement of the
APC front with polypropylene gave also hybrids of improved ballistic properties, the material
was removed from any future investigations due to the brittle failure it experienced during im-
pacts. The best Normalized Ballistic Performance was obtained by a hybrid with Tegris. The
results seem to indicate that it should be possible to design an Aluminium-APC hybrid which
has the same or better ballistic performance than the 100% APC, while being a semi-structural
material. It was shown that the inclusion of dry carbon fibre layers in between the front part of a
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panel and the APC backing deteriorated the ballistic performance of the hybrids. Nevertheless,
the hybrid with dry aramid fabric showed promising results. It is noted also that all materials
used as the front replacements (excluding aluminium) had similar or lower density than the
APC.
In summary, it was shown that hybridization of expensive, high performance composite
materials with cheaper materials may produce hybrids of improved ballistic performance and
reduced material costs. The presence of different fronts altered the APC backing deformation
as well as the deformation of the projectiles.
Although only a limited number of panels was investigated in the study and the edge effects
were present, the relative comparison of the ballistic performance of the hybrids was made
and it indicated hybrids which should be further investigated in future. The author believes
that further research is required in order to precisely evaluate how much of the reference APC
material should be replaced with specific substitutes, in order to obtain a hybrid of improved
ballistic performance against a given threat. The discussed hybrids were made of manually
bonded together constituents which produced an air gap between the two parts (influence of
which was neglected in this research). Future studies, however, should identify the influence of
the air gap on the ballistic performance of the designed materials. Also, the sample size and the
number of samples should be increased in order to get rid of the edge effects and to evaluate
more precisely the ballistic performance of the materials. Finally, the V50 ballistic limit should
be experimentally determined for the best three hybrid designs.
6.3 Publications
The work presented in this chapter resulted in the following publications:
1. C´wik T. K., Iannucci L., Curtis P., Pope D., and Robinson P. Investigation of ballistic
response of CFRP composites of various non-conventional reinforcement architectures.
In 18TH International Conference on Composite Materials, Jeju, South Korea, 21-26.08.
2011.
2. C´wik T. K., Iannucci L., Curtis P., Pope D., Design and ballistic performance of hy-
brid composite laminates. To be submitted to some the International Journal of Impact
engineering.
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Chapter 7
Conclusions and future work
Static tensile yarn testing
Chapter 3 presented results of the tensile yarn tests conducted on 16 different yarns, at three
strain rates and three gauge lengths. The results showed that the tensile behaviour of some of
the yarns was strain rate dependent, while others were influenced by the gauge length used in the
tests. Some of the yarns neither experienced strain rate dependency nor gauge length influence.
Due to the fact that all tests were done in the same experimental setup it was possible to identify
the relative difference in the performance between the yarns, which fulfilled the #1 objective
of this research (as specified in the Chapter 1.2). Moreover, the data was presented in a very
practical way which allows future researchers to use it for general engineering purposes or as an
input data for their finite element models. It is impossible to draw any conclusions regarding
“which fibre was the best”, as the answer to such questions is application dependent. Certain
fibres might be perfect for some applications, while totally not suitable for others. Moreover,
the presented study did not take into consideration the market price of each yarn, which quite
often is the driving factor. Also, no consideration was given to other important factors such as
moisture absorption or UV degradation, which sometimes rules out certain fibres from a given
application.
The research showed that poor ballistic performance may be observed even for composites
reinforced with high tenacity fibres when the matrix system does not allow for taking advantage
of the fibres strength i.e. the matrix is stiff, brittle, and does not facilitate large lateral defor-
mations of the panel under impact. The investigation did not show that yarns of higher strain
to failure had better ballistic properties, however fibres having higher ultimate tensile strength
had higher ballistic limits. It appears also that fibres characterized by a higher modulus had
higher ballistic limits, however this area should be further investigated in order to draw final
conclusions. No relationship was observed between the fibre toughness and the ballistic limits.
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Tensile Hopkinson bar testing
The presented SHPB research showed that none of the two fundamental Hopkinson pressure
bar technique assumptions were met. It was identified that the strain gauge measurements
might have been unable to provide reliable data regarding the stress equilibrium state in the
yarn (or the lack of it) due to the presence of the grips. The strain rate was constant during the
experiments only for very short periods of time, allowing to conclude that that the assumption of
the constant strain rate during the test was not met. Nevertheless, the optically measured strain
to failure values were accurately measured using high speed videos. The data showed that the
SHPB values were, as expected, similar or lower than the static values described in the previous
chapter. The only exception was Tensylon which high value was caused by misalignment of
the sample in the grips. The comparison of the results with the literature showed that other
authors obtained much higher strain to failure values. It is noted that their measurements were
strain gauge based and most likely involved much larger amount of fibres held in the grips. The
larger the fibre bundle in the grip, the higher probability of misalignment which causes a gradual
failure of the fibres during the loading. Also, these high values are much higher than the static
values which indicates that they are highly questionable.
Although further improvements of the setup could be made, such as: making the grips of
titanium or magnesium (to reduce the mechanical impedance mismatch), using thinner output
bar (e.g. 5 mm diameter) with the external thread for the grip; the author believes that such
experimental configuration would still not make enough difference to meet the Hopkinson bar
theory assumptions. Therefore, the author believes the method is not suitable for tensile yarn
testing and that further work in this area should focus on finding an alternative design for the
yarn grips (one which would guarantee no misalignments and deformation of the signal) and on
changing the measurement method (the strain gauges).
Ballistic testing
The ballistic performance of 13 different materials was evaluated in this study. A detailed
analysis of the impact behaviour of eight of them was presented. The panels were subjected
to 20 mm diameter copper and steel Fragment Simulating Projectiles fired at up to 1.2 km/s,
which allowed for observation how the materials behaviour changed with the increase of the
striking velocity. A vast amount of data was collected during the trials due to the state of the
art instrumentation used. Up to six high speed cameras were synchronized together. The 3D
High Speed Digital Image Correlation allowed for obtaining information regarding displacement
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and strain fields at the striking face and the back face of the tested panels - the #2 objective of
the research was met. The obtained results allowed only for a rough comparison of the ballistic
performance of the materials, as it was impossible to estimate the V50 ballistic limits due to
a low number of available panels and the edge effects that were present during the trials with
composite materials. The latter two issues were however perfectly acceptable, as the goal of the
trials was to provide experimental data required for validation of advanced numerical models.
The latter can replicate the exact experimental conditions.
It was observed that there were two threshold velocities above which part of the materials had
almost the same ballistic performance: 550 m/s for UHMWPE, PP, PC, TegrisR©, ArmoxR© steels,
and S2 Glass; and 900 m/s for all high performance composite materials. It is believed that
these thresholds indicate some changes in the energy dissipation mechanisms occurring in the
impacted materials. Potentially, above these threshold points the materials response is governed
to a larger extent by their hydrodynamic properties, and thus the strength of the materials does
not matter as much as in the lower striking velocity regimes. The two sections that extensively
described the DIC measurements (TegrisR©, DyneemaR© HB26 and SpectraR© 3124) showed that
each material was characterized by a different deformation and experienced different strains
during the impact. It was shown that the unidirectional, cross-ply Spectra exhibited much
higher in-plane shear deformations than DyneemaR©, both of which had substantially higher
shear deformations than TegrisR©, which had a plain weave reinforcement architecture. The
results indicated that the in-plane shear behaviour plays a crucial role in the ballistic response
of a composite. The importance of the in-plane shear behaviour was particularly highlighted by
the results of TensylonR©. All TensylonR© grades utilized the very same reinforcement tape and
had the same architecture but had a different coating ply acting as a matrix. As a result the
ballistic limits of the three TensylonsR© were different.
Design of novel hybrid materials for composite armour systems
The investigation of the ballistic performance of alternative concepts involving carbon fibre
prepreg plies showed that the partially cured carbon fibre plies stacked together dissipated twice
the amount of energy during the impact event than a standard cured carbon fibre laminate,
while the Modified Uncured with spacers (UD) concept showed similar ballistic performance to
the other investigated concepts while utilizing substantially less material. The research showed
that it is possible to further tailor architecture of CF panels in order to obtain improved ballistic
performance; and that panel weight reduction is achievable while maintaining its ballistic per-
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formance. The study indicated also that in order to achieve a further improvement in ballistic
performance of the investigated carbon fiber concepts, the composite should have lower interply
and intraply shear strength, sufficient amount of plies, and a higher fiber volume fraction.
The study devoted to hybridization of expensive aligned polymer composites, such as DyneemaR©
or SpectraR©, showed that it is possible to improve the ballistic performance of commercially
available high performance composite materials by hybridizing them with other materials. The
improvement in ballistic performance was achieved by replacing the front part of the APC with
cheaper substitutes. The results showed that an UHMWPE is a good candidate for the APC
front. Although replacement of the APC front with polypropylene gave also hybrids of improved
ballistic properties, the material experienced a brittle failure during the impacts. The best Nor-
malized Ballistic Performance was obtained by the hybrid with TegrisR© front. The results seem
to indicate also that it should be possible to design an Aluminium-APC hybrid which has the
same or better ballistic performance than the 100% APC, making the hybrid a semi-structural
material. The inclusion of dry carbon fibre layers in between the front part of a panel and the
APC backing deteriorated the ballistic performance of the hybrid. However, the hybrid with
dry aramid fabric showed promising results.
In general, the presence of different fronts altered the way the APC backing deformed and
the deformation characteristics of the projectiles. It was shown that the lack of expensive high
performance fibres in the front part of a composite armour system might be beneficial from both
the economical and ballistic performance perspectives. This finding along with the previously
identified importance of the in-plane shear behaviour allows to conclude that fibre properties
are not the only factor governing ballistic performance of composite materials (the objective #3
of the research was met). This was particularly visible when I compared static properties of the
S2 Glass and TensylonR© with their ballistic performance. The former had approximately 500
MPa higher Ultimate Tensile Strength and 1% higher elongation than the latter in the tensile
tests, while the ballistic limit of the S2 Glass composite was approximately 200 m/s lower than
the worst of the TensylonsR© (TensylonR© 09).
Summarizing, it was shown that hybridization of expensive, high performance composite
materials with cheaper materials may produce hybrids of improved ballistic performance and
reduce the material costs. The findings fulfilled the objective #4 of this research specified at
the beginning of this thesis.
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Future work
The tensile yarn testing research provided a large amount of useful data on the fibres and
allowed for a relative comparison of the yarns. It was noticed, however, that the curvature of
the Instron grips caused certain testing problems. It is believed that an alternative clamping
system with no curved element should be developed.
The presented tensile SHPB experimental setup, which was similar to many others used by
researchers who already published their results in the scientific literature, could not facilitate
fulfilling both assumptions of the Hopkinson bar theory when yarns were tested. Further work
in this area should focus on either changing the theory used for the calculations or on changing
the experimental method.
Future research in the ballistic testing area should involve fractographic work and computed
tomography scans of all the remaining tested panels. It is envisaged that the obtained CT and
SR-CL data will be used for reconstructing the images into 3D CAD models and measuring the
void volume fraction in all scanned materials. As 3D Digital Image Correlation becomes more
frequently applied to various dynamic experiments, it seems to be a prerequisite to identify the
accuracy of the strain measurements provided by commercial DIC systems.
In terms of the hybridization of composite materials presented in this thesis, it is noted that
in any future studies the sample size and the number of samples should be increased in order
to minimize the edge effects and to evaluate more precisely the ballistic performance of the
materials, respectively. Further research is required also to precisely evaluate how much of the
initial APC material should be replaced with a specific substitute, in order to obtain a hybrid of
improved ballistic performance against a given threat, while reducing the overall material costs.
The presented hybrids consisted of two (or three) manually bonded together constituents with
an air gap in between the parts. Future studies should identify the influence of the air gap on
the ballistic performance of the materials.
207
Chapter 8
Bibliography
[1] Y. Zhou, M. A. Baseer, H. Mahfuz, and S. Jeelani. Statistical analysis on the fa-
tigue strength distribution of T700 carbon fiber. Composites Science and Technology,
66(13):2100 – 2106, 2006.
[2] Y. Zhou, Y. Wang, Y. Xia, and S. Jeelani. Tensile behavior of carbon fiber bundles at
different strain rates. Materials Letters, 64(3):246 – 248, 2010.
[3] K. Naito, Y. Tanaka, J.-M. Yang, and Y. Kagawa. Tensile properties of ultrahigh strength
pan-based, ultrahigh modulus pitch-based and high ductility pitch-based carbon fibers.
Carbon, 46(2):189 – 195, 2008.
[4] F. X. Kromm, T. Lorriot, B. Coutand, R. Harry, and J.M. Quenisset. Tensile and creep
properties of ultra high molecular weight PE fibres. Polymer Testing, 22(4):463 – 470,
2003.
[5] B. Dessain, O. Moulaert, R. Keunings, and A.R. Bunsell. Solid phase change controlling
the tensile and creep behaviour of gel-spun high-modulus polyethylene fibres. Journal of
Materials Science, 27(16):4515–4522, 1992.
[6] B.P. Russell, K. Karthikeyan, V.S. Deshpande, and N.A. Fleck. The high strain rate
response of Ultra High Molecular-Weight Polyethylene: From fibre to laminate. Interna-
tional Journal of Impact Engineering, 60:1–9, 2013.
[7] A. C. P. Koh, V. P. W. Shim, and V. B. C. Tan. Dynamic behaviour of UHMWPE yarns
and addressing impedance mismatch effects of specimen clamps. International Journal of
Impact Engineering, 37(3):324–332, 2010.
[8] J. Wang and K.J. Smith. The breaking strength of ultra-high molecular weight polyethy-
lene fibers. Polymer, 40(26):7261 – 7274, 1999.
208
[9] R. Marissen. Design with ultra strong polyethylene fibers. Materials Sciences and Appli-
cations, 2:319–330, 2011.
[10] P. M. Cunniff. Dimensionless parameters for optimization of textile-based body armor
systems. 1999.
[11] C. Ming, C. Weinong, and W. Tusit. Mechanical properties of Kevlar KM2 single fiber.
Journal of Engineering Materials and Technology, 127(2):197–203, 2005.
[12] B. F. Dooraki, J. A. Nemes, and M. Bolduc. Study of parameters affecting the strength
of yarns. Journal de Physique IV (Proceedings), 134:1183–8, 2006.
[13] S.A. Fawaz, A.N. Palazotto, and C.S. Wang. Axial tensile and compressive properties of
high-performance polymeric fibres. Polymer, 33(1):100 – 105, 1992.
[14] J. A. Bencomo-Cisneros, A. Tejeda-Ochoa, J. A. Garcia-Estrada, C. A. Herrera-Ramirez,
A. Hurtado-Macias, R. Martinez-Sanchez, and J. M. Herrera-Ramirez. Characterization of
Kevlar-29 fibers by tensile tests and nanoindentation. Journal of Alloys and Compounds,
536, Supplement 1:456 – 459, 2012. International Symposium on Metastable, Amorphous
and Nanostructured Materials, ISMANAM-2011 (26th June to July 1st 2011).
[15] D. Zhu, B. Mobasher, J. Erni, S. Bansal, and S. D. Rajan. Strain rate and gage length
effects on tensile behavior of Kevlar 49 single yarn. Composites Part A: Applied Science
and Manufacturing, 43(11):2021 – 2029, 2012.
[16] M. A. Montes-Moran, R. J. Davies, C. Riekel, and R. J. Young. Deformation studies of
single rigid-rod polymer-based fibres. Part 1- Determination of crystal modulus. Polymer,
43(19):5219 – 5226, 2002.
[17] P. Cunniff, M. A. Auerback, E. Vetter, and D. J. Sikkema. High performance M5 fiber for
ballistics / structural composites.
[18] M. Lammers, D. J. Sikkema, E. A. Klop, and M. G. Northolt. Mechanical properties
and structural transitions in the new rigid-rod polymer fibre PIPD (’M5’) during the
manufacturing process. Polymer, 39(24):5999–6005, 1998.
[19] N. D Jordan, R. H. Olley, D. C. Bassett, P. J. Hine, and I. M. Ward. The development
of morphology during hot compaction of Tensylon high-modulus polyethylene tapes and
woven cloths. Polymer, 43(12):3397 – 3404, 2002.
209
[20] V. B. C. Tan, X. S. Zeng, and V. P. W. Shim. Characterization and constitutive mod-
eling of aramid fibers at high strain rates. International Journal of Impact Engineering,
35(11):1303–1313, 2008.
[21] A. Pegoretti, A. Zanolli, and C Migliaresi. Preparation and tensile mechanical properties
of unidirectional liquid crystalline single-polymer composites. Composites Science and
Technology, 66(13):1970 – 1979, 2006.
[22] T. Kitagawa, K. Yabuki, and R.J. Young. An investigation into the relationship between
processing, structure and properties for high-modulus PBO fibres. Part 1- Raman band
shifts and broadening in tension and compression. Polymer, 42(5):2101–2112, 2001.
[23] H. G. Chae and S. Kumar. Rigid-rod polymeric fibers. Journal of Applied Polymer Science,
100(1):791–802, 2006.
[24] P. Davies, A. R. Bunsell, and E. Chailleux. Tensile fatigue behaviour of pbo fibres. Journal
of Materials Science, 45:6395–6400, 2010.
[25] P. J. Hine, I. M. Ward, N. D. Jordan, R. H. Olley, and D. C. Bassett. A comparison of
the hot-compaction behavior of orinented, high-modulus, polyethylene fibres and tapes.
Journal of Macromolecular Science, Part B, 40(5):959–989, 2001.
[26] H. Kolsky. An investigation of the mechanical properties of materials at very high rates
of loading. Proc Phys Soc Lond, B62:676–700, 1949.
[27] B. Gama, S. Lopatnikov, and J. Gillespie Jr. Hopkinson bar experimental technique: A
critical review. Applied mechanics reviews, 57(1-6):223–250, 2004.
[28] B. J. Briscoe and R. W. Nosker. The influence of interfacial friction on the deformation
of high density polyethylene in a split hopkinson pressure bar. Wear, 95(241), 1984.
[29] G. Ravichandran and G. Subhash. Critical appraisal of limiting strain rates for compression
testing of ceramics in a split hopkinson pressure bar. Journal of the American Ceramic
Society, 77(1):263–7, 1994.
[30] L. M. Yang and V. P. W. Shim. An analysis of stress uniformity in split Hopkinson bar
test specimens. International Journal of Impact Engineering, 31(2):129–150, 2005.
210
[31] T. Meenken. Charakterisierung niederimpedanter Werkstoffe unter dynamischen Lasten.
PhD thesis, 2007.
[32] W. Chen, M. J. Forrestal, F. Lu, and D. J. Frew. Dynamic compression testing of soft
materials. Journal of applied mechanics, 69(3):214–223, 2002.
[33] C. Karnes. Strain rate effects in cold worked high-purity aluminium. Journal of the
Mechanics and Physics of Solids, 14(2):75–88, 1966.
[34] R. Wasley. Combined strain gauge quartz crystal instrumented Hopkinson split bar. Review
of scientific instruments, 40(7):889, 1969.
[35] A. Shukla, G. Ravichandran, and Y. D. S. Rajapakse. Dynamic Failure of Materials and
Structures. Springer, 2010.
[36] W. Chen, B. Zhang, and M. J. Forrestal. A split hopkinson bar technique for low-
impedance materials. Experimental mechanics, 39(2):81–85, 1999.
[37] G. T. Gray, W. R. Blumenthal, C. P. Trujillo, and R. W. Carpenter. Influence of temper-
ature and strain rate on the mechanical behavior of Adiprene L-100. Journal de Physique
IV, 7(C3):523–528, 1997.
[38] S. Rao, V. P. W. Shim, and S. E. Quah. Dynamic mechanical properties of polyurethane
elastomers using a nonmetallic hopkinson bar. Journal of applied polymer science,
66(4):619–631, 1997.
[39] L. Wang, G. Pluvinage, K. Labibes, and Z. Azari. Generalization of split hopkinson bar
technique to use viscoelastic bars. International journal of impact engineering, 15(5):669–
686, 1994.
[40] D. J. Frew, M. J. Forrestal, and W. Chen. A split Hopkinson pressure bar technique
to determine compressive stress-strain data for rock materials. Experimental mechanics,
41(1):40–46, 2001.
[41] S. Chocron Benloulo, J. Rodriguez, M. A. Martinez, and V. Sanchez Galvez. Dynamic ten-
sile testing of aramid and polyethylene fiber composites. International Journal of Impact
Engineering, 19(2):135, 1997.
[42] L. Lavielle. Polymer-polymer friction. Relation to adhesion. Wear, 151(1):63–75, 1991.
211
[43] M. C. Paiva, C. A. Bernardo, and D. D. Edie. A comparative analysis of alternative models
to predict the tensile strength of untreated and surface oxidised carbon fibers. Carbon,
39(7):1091 – 1101, 2001.
[44] M. C. Paiva, C. A. Bernardo, and M. Nardin. Mechanical, surface and interfacial charac-
terisation of pitch and pan-based carbon fibres. Carbon, 38(9):1323 – 1337, 2000.
[45] Y. Wang and Y. Xia. The effects of strain rate on the mechanical behaviour of kevlar fibre
bundles: an experimental and theoretical study. Composites Part A: Applied Science and
Manufacturing, 29(11):1411 – 1415, 1998.
[46] J. Lim. Effects of gage length, loading rates, and damage on the strength of PPTA fibers.
International Journal of Impact Engineering, 38(4):219–227, 2011.
[47] J. Lim, W. W. Chen, and J. Q Zheng. Dynamic small strain measurements of Kevlar 129
single fibers with a miniaturized tension Kolsky bar. Polymer Testing, 29(6):701 – 705,
2010.
[48] Ch. Huang, S. Chen, and Z. Duan. Experimental study on dynamic properties of high
strength fiber clusters. Materials science forum, 475-479(II):1045–1050, 2005.
[49] W. Huang, Y. Wang, and Y. Xia. Statistical dynamic tensile strength of uhmwpe-fibers.
Polymer, 45(11):3729 – 3734, 2004.
[50] Z. Wang. Experimental evaluation of the strength distribution of e-glass fibres at high
strain rates. Applied Composite Materials, 2:257–264, 1995.
[51] Y. Wang and Y. M. Xia. Experimental and theoretical study on the strain rate and
temperature dependence of mechanical behaviour of Kevlar fibre. Composites Part A:
Applied Science and Manufacturing, 30(11):1251 – 1257, 1999.
[52] B. Gu. Analytical modeling for the ballistic perforation of planar plain-woven fabric target
by projectile. Composites. Part B, Engineering, 34(4):361–371, 2003.
[53] J. P. F. Broos, M. J. van der Jagt-Deutekom, and M. J. van der Voorde. Ballistic protection
of fragment vests against IED threat. September 22-26 2008.
[54] J. S. Gondusky. Protecting military convoys in Iraq: An examination of battle injuries
sustained by a mechanized battalion during Operation Iraqi Freedom II. Military Medicine,
170(6):546–549, 2005.
212
[55] N. Uddin. Blast protection of civil infrastructures and vehicles using composites. Woodhead
Publishing Ltd., 2010.
[56] AEP-55,Volume 1. Procedures for evaluating the protection level of logistic and light
armoured vehicles, February 2005.
[57] F. Galvez, D. Cendon, N. Garcia, A. Enfedaque, and V. Sanchez-Galvez. Dynamic fracture
toughness of a high strength armor steel. Engineering failure analysis, 16(8):2567–2575,
2009.
[58] P. Skoglund, M. Nilsson, and A. Tjernberg. Fracture modelling of a high performance
armour steel. Journal de Physique IV, 134:197–202, 2006.
[59] P. Pechoucek, S. Rolc, and J. Buchar. Fragment simulating projectile penetration into
layered targets. Engineering Mechanics, 18(5-6):353–361, November 2011.
[60] D. Showalter, W. Gooch, M. Burkins, and R. Stockman Koch. Ballistic testing of SSAB
ultra-high-hardness steel for armor applications. ARL-TR-4632. Technical report, Army
Research Laboratory, 2008.
[61] B. A. Cheeseman. Ballistic impact into fabric and compliant composite laminates. Com-
posite structures, 61(1-2):161, 2003.
[62] M. J. Iremonger and A. C. Went. Ballistic impact of fibre composite armours by fragment-
simulating projectiles. Composites Part A: Applied Science and Manufacturing, 27(7):575
– 581, 1996.
[63] R. A. Prosser. Penetration of nylon ballistic panels by fragment-simulating projectiles.
Part I: A linear approximation of the relationship between the square of the V50 or Vc
striking velocity and the number of layers of cloth in the ballistic panel. Textile Research
Journal, 58 (3):161–165, 1988.
[64] R. A. Prosser. Penetration of nylon ballistic panels by fragment-simulating projectiles.
Part II: Mechanism of penetration. Textile Research Journal, 58 (3):61–68, 1988.
[65] F. Figucia, C. Williams, B. Kirkwood, and W. Koza. Mechanisms of improved ballistic
fabric performance. Technical report, U.S. Army Natick Research and Development Lab.,
1982.
213
[66] B. R. Scott. The penetration of compliant laminates by compact projectiles. In Proceedings
of the 18th International Symposium on Ballistics, pages 1184–91, San Antonio, Texas,
15-19 November 1999.
[67] B. L. Lee, T. F. Walsh, S. T. Won, H. M. Patts, J. W. Song, and A. H. Mayer. Penetration
failure mechanisms of armor-grade fiber composites under impact. Journal of composite
materials, 35(18):1605–1633, 2001.
[68] M. P. Flanagan, M. A. Zikry, J. W. Wall, and A. El-Shiekh. An experimental investigation
of high velocity impact and penetration failure modes in textile composites. Journal of
Composite Materials, 33(12):1080–1103, 1999.
[69] J. Nussbaum, N. Faderl, and G. Gutter. Ballistic behaviour of a liquid crystal polymer
fabric against high velocity fragments. In Personal Armour System Symposium, 2012.
[70] B. Alcock, N. O. Cabrera, N. M. Barkoula, Z. Wang, and T. Peijs. The effect of tempera-
ture and strain rate on the impact performance of recyclable all-polypropylene composites.
Composites Part B: Engineering, 39(3):537 – 547, 2008.
[71] P. J. Hazell and G. Appleby-Thomas. A study on the energy dissipation of several differ-
ent CFRP-based targets completely penetrated by a high velocity projectile. Composite
structures, 91(1):103–9, 2009.
[72] F. Larsson and L. Svensson. Carbon, polyethylene and PBO hybrid fibre composites for
structural lightweight armour. Composites. Part A, Applied science and manufacturing,
33(2):221–231, 2002.
[73] K. Fujii, M. Aoki, N. Kiuchi, E. Yasuda, and Y. Tanabe. Impact perforation behavior
of cfrps using high-velocity steel sphere. International Journal of Impact Engineering,
27(5):497 – 508, 2002.
[74] K. Karthikeyan, B.P. Russell, N.A. Fleck, H.N.G. Wadley, and V.S. Deshpande. The
effect of shear strength on the ballistic response of laminated composite plates. European
Journal of Mechanics - A/Solids, 42(0):35 – 53, 2013.
[75] M. R. Abdullah and W. J. Cantwell. The impact resistance of polypropylene-based fibre-
metal laminates. Composites science and technology, 66(11-12):1682–1693, 2006.
214
[76] S. Abrate. Ballistic impact on composites. In 16TH International Conference on Composite
Materials, 2007.
[77] R. F. Recht and T. W. Ipson. Ballistic perforation dynamics. Journal of Applied Mechan-
ics, pages 384–390, 1963.
[78] F. Larsson. Damage tolerance of a stitched carbon/epoxy laminate. Composites Part A:
Applied Science and Manufacturing, 28(11):923 – 934, 1997.
[79] L. Raimondo. Predicting the dynamic behaviour of polymer composites. PhD thesis, De-
partment of Aeronautics, Imperial College London, 2007.
[80] S.-W. R. Lee and C. T. Sun. Dynamic penetration of graphite/epoxy laminates impacted
by a blunt-ended projectile. Composites Science and Technology, 49(4):369 – 380, 1993.
[81] H. van der Werff, U. Heisserer, and S.L. Phoenix. Modelling of ballistic impact on fiber
composites.
[82] J. Singletary, L. Carbajal, and L. Boogh. Fragment simulating projectile V50 scaling rules.
In PASS Conference, 2008.
[83] P. Cunniff. A design tool for the development of fragmentation protective body armor. In
PASS Conference, 1994.
[84] J. D. Walker. Ballistic limit of fabrics with resin. In 19th International Symposium of
Ballistics, 2001.
[85] E. H. M van Gorp, L. L. H. van der Loo, and J. L. J. van Dingenen. A model for HPPE-
based lightweight add-on armour. In Ballistics 93, 1993.
[86] M. J. N. Jacobs and J. L. J. Van Dingenen. Ballistic protection mechanisms in personal
armour. Journal of materials science, 36(13):3137–3142, 2001.
[87] L. Chunfu and M. S. Hoo Fatt. Perforation of composite plates and sandwich panels
under quasi-static and projectile loading. Journal of Composite Materials, 40(20):1801–
1840, 2006.
[88] M. S. Hoo Fatt, C. Lin, D. M. Revilock, and D. A. Hopkins. Ballistic impact of GLARE
fibere metal laminates. Composite Structures, 61(1–2):73 – 88, 2003.
215
[89] S.D. Bartus and U.K. Vaidya. Performance of long fiber reinforced thermoplastics sub-
jected to transverse intermediate velocity blunt object impact. Composite Structures,
67(3):263 – 277, 2005.
[90] Z. Guoqi, W. Goldsmith, and C. K. H. Dharan. Penetration of laminated Kevlar by
projectiles- I. experimental investigation. International Journal of Solids and Structures,
29(4):399 – 420, 1992.
[91] Ashok Bhatnagar. Lightweight ballistic composites. Woodhead Publishing Ltd., 2006.
[92] C´wik T. K., Iannucci L., Curtis P., Pope D., and Robinson P. Investigation of factors
influencing dynamic response of a tensile split hopkinson pressure bar. In The 53rd
AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Confer-
ence, Honolulu, Hawaii, 23-26.04 2012.
[93] NSA. STANAG 2920 Ed.2 - Ballistic test method for personal armour materials and
combat clothing.
[94] M. A. Sutton, J. J. Orteu, and H. Schreier. Image Correlation for Shape, Motion and
Deformation Measurements. Springer, 2009.
[95] Armox 370T specification: http://www.mtlgrp.com/data/sites/1/userfiles/pdf/armox-
370t.pdf, Accessed on: 29.11 2012.
[96] Armox 440T specification: http://www.mtlgrp.com/data/sites/1/userfiles/pdf/armox-
440t.pdf, Accesed on: 29.11 2012.
[97] British Standards. BS EN 2002-1:2005 Metallic materials - Test methods - Part 1: Tensile
testing at ambient temperature.
[98] P. J. Hazell, G. J. Appleby-Thomas, X. Trinquant, and D. J. Chapman. In-fiber shock
propagation in Dyneema. Journal of Applied Physics, 110(4), 2011.
[99] Tecafine UHMWPE material specification, 2013.
[100] Tecafine PP material specification, 2013.
[101] C.L. (Ed.) Mader. Los alamos shock hugoniot data. Technical report, Los Alamos National
Labolatory, 1980.
216
[102] B.K. Sharma. The relationship between the gruneisen and other thermodynamic param-
eters and intermolecular forces in polymers. Polymer, 24(3):314 – 318, 1983.
[103] I. Gilmour, A. Trainor, and R. N. Haward. Calculation of the gruneisen constant of glassy
polymers from thermoelastic data. Journal of Polymer Science: Polymer Physics Edition,
16(7):1291–1295, 1978.
[104] E.L. Rodriguez and F.E. Filisko. Thermal effects in high density polyethylene and low den-
sity polyethylene at high hydrostatic pressures. Journal of Materials Science, 22(6):1934–
1940, 1987.
[105] M. Zrida, H. Laurent, G. Rio, S. Pimbert, V. Grolleau, N. Masmoudi, and C. Bradai. Ex-
perimental and numerical study of polypropylene behavior using an hyper-visco-hysteresis
constitutive law. Computational Materials Science, 45(2):516 – 527, 2009.
[106] M.C. Sobieraj, S.M. Kurtz, and C.M. Rimnac. Notch strengthening and hardening be-
havior of conventional and highly crosslinked {UHMWPE} under applied tensile loading.
Biomaterials, 26(17):3411 – 3426, 2005.
[107] Milliken & Company. Tegris material specification:
http://www.milliken2.com/mft/mfthtml.nsf/page/tech4.htm, Accessed on 27.06.2013.
[108] E. S. Greenhalgh, V. M. Bloodworth, L. Iannucci, and D. Pope. Fractographic observations
on dyneema R© composites under ballistic impact. Composites Part A: Applied Science and
Manufacturing, 44(0):51 – 62, 2013.
[109] DSM. DSM product data sheet: Dyneema SK76 1760dtex tz25, 2006.
[110] H. J. Qi and M. C. Boyce. Stress - strain behavior of thermoplastic polyurethanes. Me-
chanics of Materials, 37(8):817 – 839, 2005.
[111] L. Helfen, T. Baumbach, P. Mikulik, D. Kiel, P. Pernot, P. Cloetens, and J. Baruchel. High-
resolution three-dimensional imaging of flat objects by synchrotron-radiation computed
laminography. Applied Physics Letters, 86(7), FEB 14 2005.
[112] F. Xu, L. Helfen, A. J. Moffat, G. Johnson, I. Sinclair, and T. Baumbach. Synchrotron
radiation computed laminography for polymer composite failure studies. Journal of Syn-
chrotron Radiation, 17(2):222–226, 2010.
217
[113] NSA. STANAG 4569 Ed.1: Protection levels for occupants of logistic and light armoured
vehicles, 2004.
[114] P. Cunniff. An analysis of the system effects in woven fabrics under ballistic impact. Textile
Research Journal, 62(9):495–509, 1992.
[115] Boeing. Boeing specification support standard: Advanced composite compression tests.,
1986.
[116] Hexcel. Hexcel product data sheet: HexPly UD/M21/35%/268/T800S.
[117] R. Winter. Key Concepts of Shock Hydrodynamics. Institute of Shock Physics, 2009.
218
Appendix A
Physical properties of yarns
Table below contains information regarding physical properties of the tested yarns. In some
cases the number of filaments was unknown, and therefore it was calculated using the following
equation:
#offilaments =
CSAyarn
CSAmonofilament
(A.1)
CSAyarn =
√
4 ∗ 10−6 ∗ dtex
piρ
(A.2)
where dtex is the linear density of the yarn, ρ is the mass density of the yarn.
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Appendix B
The stress-strain curves from the static
tensile yarn tests
220
Figure B.1: Dyneema SK76 stress-strain curves
221
Figure B.2: Fenglum stress-strain curves
222
Figure B.3: Innegra stress-strain curves
223
Figure B.4: Kevlar 49 215 dtex stress-strain curves
224
Figure B.5: Kevlar 49 2400 dtex stress-strain curves
225
Figure B.6: Nylon 6.6 stress-strain curves
226
Figure B.7: S2 Glass 7µm stress-strain curves
227
Figure B.8: S2 Glass 9µm stress-strain curves
228
Figure B.9: Tegris stress-strain curves
229
Figure B.10: Tensylon stress-strain curves
230
Figure B.11: Twaron 1680 dtex stress-strain curves
231
Figure B.12: Twaron 3360 dtex stress-strain curves
232
Figure B.13: Vectran HT stress-strain curves
233
Figure B.14: Zylon HM 276 dtex stress-strain curves
234
Figure B.15: Zylon HM 3030 dtex stress-strain curves
235
Appendix C
The CAD drawing of the curved ele-
ment of the yarn grips
236
Appendix D
Dynamic stress equilibrium in yarns
237
Appendix E
Specification of the high speed cam-
era setups
238
239
Appendix F
Calculating the temperature along an
Adiabat
The following pages present derivation of the equation used for calculation of temperature along
Adiabat. The information was obtained from Winter [117].
240
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Appendix G
CT and SR-CL images of the scanned
panels
242
Figure G.1: CT slice though volume of Dyneema HB26 panel impacted at 509 m/s.
243
Figure G.2: CT slice though volume of Dyneema HB26 panel impacted at 1050 m/s.
244
Figure G.3: CT slice though volume of spectra 3124 panel impacted at 868 m/s.
245
Figure G.4: CT slice though volume of Dyneema HB26 panel impacted at 509 m/s.
246
Figure G.5: SR-CL slice though volume of pristine Goldshield panel. The area size: 12 x 12
mm.
247
Figure G.6: SR-CL slice though volume of pristine Tegris panel. The area size: 12 x 12 mm.
248
Figure G.7: SR-CL slice though volume of pristine Tensylon panel. The area size: 12 x 12 mm.
249
Figure G.8: SR-CL slice though volume of pristine S2 Glass 3x3 BW with epoxy resin matrix
panel. The area size: 12 x 12 mm.
250
